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SUMMARY 


Sodium  channels  and  calcium  channels  froa  rat  brain  membranes,  have  bean 
incorporated  into  planar  phospholipid  bi layer  sea brute*  and  characterized  elec- 
trophyslologically .  Currents  through  single  channel  molecules  (single  channel 
currents)  were  studied.  The  sodium  channels  were  activated  by  the  neurotoxin 
batrachotoxin,  and  were  selective  for  sodium  ovar  potassium,  cesium,  and  chlor- 
ide.  They  opened  as  the  membrane  was  depolarized,  and  were  blocked  by  nanomolar 
concentrations  of  the  neurotoxins  saxitoxin  (STX)  and  tstrodotoxin  (TTX) .  The 
single  channel  conductance  was  30  pS  in  symmetrical  O.S  M  NaCl,  0.1  aM  CaCl2* 
Block  of  single  sodium  channels  by  STX  was  found  to  be  dependent  on  the  membrane 
potential  with  depolarizing  potentials  reducing  the  potency  of  STX  block  by  as 
much  as  50-fold.  Both  blocking  and  unblocking  rate  constants  were  affected  by 
the  membrane  potential:  depolarization  decreased  the  rate  (probability)  of 
channel  block  by  STX  and  increased  the  rate  (probability)  of  unblock.  These 
sodium  channel*  are  responsible  for  depolarizing  phase  of  the  action  potential 
in  nerve  and  muscle  cells  and  appear  to  constitute  the  sole  site  of  action  of 
STX  and  TTX.  Sodium  channels  in  planar  bilaysrs  are  blocked  by  both  external  and 
internal  calcium  ions.  Block  by  external  calcium  appears  to  be  competitive  with 
sodium  suggesting  binding  to  a  common  site.  Block  by  external  calcium  is  also 
voltage-dependant  with  hyperpolarizing  potentials  favoring  block.  Some  of  the 
effects  of  external  calcium  may  be  due  to  binding  at  the  STX  binding  site  since 
treatment  with  trlmethyloxonlum  (a  carboxyl  modifying  reagent)  eliminates  STX 
block  (and  binding  of  3H-STX),  reduces  the  degree  of  calcium  block,  and  reduces 
the  single  channel  conductance  by  30k.  STX  and  calcium  protect  against  modifica¬ 
tion  by  TMO.  Single  calcium  channels  froa  rat  brain  aaabrane  vesicles  were  also 
incorporated  into  planar  bilayers.  The  calclua  channels  were  selective  for 
calcium,  barium,  and  strontium  over  monovalent  cations  and  anions.  The  single 
channel  conductances  for  Ca**,  Ba**,  and  Sr**  were  5  pS,  8.5  pS,  and  5  pS, 
respectively,  in  symmetrical  0.25  H  Me**Cl2.  Membrane  depolarization  increased 
the  probability  of  channel  opening  and  decreased  the  probability  of  channel 
closing.  There  was  an  apparent  reciprocal  relationship  between  the  single  chan¬ 
nel  conductance  and  the  uean  open  lifetime  for  the  three  permeant  cations  test¬ 
ed,  suggesting  a  possible  relationship  between  channel  gating  (voltage  depen¬ 
dence)  and  ion  permeation.  These  calcium  channels  say  be  the  pathways  for  cal¬ 
cium  entry  during  stimulus-coupled  release  of  neurotransaitter  at  synapses  in 
the  central  nervous  ayatam. 
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FOREWORD 


In  conducting  the  research  described  in  this  report,  the  investigators 
adhered  to  the  “Guide  for  the  Care  and  Use  of  Laboratory  Aniaals,“  prepared  by 
the  Coesittee  on  Care  and  Use  of  Laboratory  Anisals  of  the  Institute  of 
Laboratory  Aniaal  Resources,  National  Research  Council  (DREW  Publication  No. 
(NIH)  78-23,  Revised  1978). 
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EXPERIMENTAL  RESULTS 


A.  SPECIFIC  AIMS  OF  LAST  PROPOSAL. 

In  this  section  of  tha  report  we  susaarize  those  Specific  Aias  of  our 
initial  proposal  (for  1  August  1982  to  31  January  1984)  and  for  the  revised  pro¬ 
posal  (1  February  1984  to  31  January  1985)  that  have  been  experiaentally  ad¬ 
dressed  during  tha  term  of  this  contract.  Some  specific  alas  of  the  original 
proposal  were  dropped  as  explained  in  tha  Annual  Reports  Sapteaber,  1983  and 
Septeaber ,  1984 . 

1.  To  explore  (several]  aspects  of  the  aolecular  nature  of  the  interaction 
of  the  neurotoxins  saxitoxin  (STX)  and  tetrodotoxin  (TTX)  with  sodiua  channels 
froa  aaaaalian  central  nervous  systea. 

During  the  first  year  of  the  project,  we  developed  the  capability  to  study 
and  characterize  voltage-dependent  sodiua  channels  incorporated  into  planar 
bilayers  (Krueger  et  al.,  1983).  In  the  second  year  we  expanded  this  prelia- 
inary  study  to  include  the  details  of  toxin  block  and  ion  peraeation  through 
the  cnannels.  In  particular  both  STX  and  TTX  were  found  to  block  in  a 
voltage-dependent  aanner.  Sodiua  peraeation  through  the  channels,  block  of 
sodiua  peraeation  by  divalent  cations,  and  the  consequences  of  aodification 
of  the  STX/TTX  binding  site  have  been  Investigated.  The  results  are  suaaar- 
ized  in  sections  D  -  F  (French  et  al.,  1984). 


2.  To  describe  (several]  properties  of  voltage-dependont  calciua  channels 
froa  rat  brain. 

We  have  identified  and  characterized  voltage-dependenc  calciua  channels  in 
planar  bilayers  exposed  to  rat  brain  aeabrane  vesicles  The  results  are  suaaar- 
ized  in  section  G  (Nelson  et  al.,  1984;  Nelson,  1984;  1986). 


3.  To  reconstitute  and  study  sodiua  channels  and  calciua  channels  froa 
aaaaalian  heart  sarcoleaaa  in  planar  bilayers  and  to  ccapare  their  properties 
with  those  of  sodiua  and  calciua  channels  froa  brain. 

In  prelialnary  axperiaents,  we  nave  tentatively  identified  STX/TTX  sensi¬ 
tive  sodiua  channels  as  well  as  a  novel,  rectifying  cation  channel  in  planar 
bilayers  exposed  to  rat  heart  sarcoleaaa  aeabranes.  To  date  no  evidence  for 
heart  calciua  channels  has  been  found.  No  additional  progress  has  been  aade  on 
these  cardiac  channels  as  a  consequence  of  our  concentrating  on  the  sodiua  and 
calciua  channel  studies  described  above. 
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».  Egfljgmaiis  m  agraiiEw  meetings 


Work  under  this  contrnct  has  raaultad  in  ths  following  publications: 

Kruegar,  B.K.,  J.F.  Worley,  III,  end  R.J.  French.  Single  sodius  channels 
fron  rat  brain  incorporated  into  planar  lipid  bilayer  aeabranss.  Nature 
303:  172-175  (1983). 

French,  R.J.,  J.F.  Worley,  III,  and  B.K.  Kruegar.  Voltage-dependent  block 
by  saxitoxin  of  sodius  channels  incorporated  into  planar  lipid  bilayers. 
Biophysical  Journal  45:  301-310  (1984). 

Nelson,  N.T.,  R.J.  French,  and  B.K.  Kruegar.  Single  calciua  channels  froa 
rat  brain  in  planar  lipid  bilayers.  Nature  308:  77-80  (1984). 

Nelson,  M.T.  Single  calciua  channels  fros  rat  brain  in  planar  lipid  bilaysra.  in 
"Epithelial  Calciua  and  Phosphate  Transport:  Molecular  and  Cellular  As¬ 
pects"  in  Progress  in  Clinical  and  Biological  Research,  Vol.  168,  (F. 
Bronner  &  M.  Peterlik,  eds.)  A.  Lisa,  New  York:  59-64  (1984). 

Worley,  J.F.  Sodius  channels  in  planar  lipid  bilayers:  Effects  of  neurotoxins, 
divalent  cations,  and  chesical  aodification  on  ion  paraaation.  Ph.D. 

Thesis.  (1985) 

Nelson,  M.T.  Interactions  of  divalent  cations  with  single  calciua  channels  froa 
rat  brain  aynaptosoaes.  £.  Gen.  Phvalol.  87:  201-222  (1986). 

French,  R.J.,  B.K.  Krueger,  and  J.F.  Worley.  Froa  brain  to  bi layer:  Sodius 

channels  froa  rat  neurons  incorporated  into  planar  lipid  bilayers.  Froa: 
"Ionic  Channels  in  Cells  and  Model  Syateas",  R.  Latorre,  ed.,  273-290 
(1966). 

French,  R.J.,  J.F.  Worley,  H.B.  Blaustein,  W.R.  Roaine,  K.  Taa,  and  B.K.  Krue¬ 
ger.  Gating  of  Bstrachotoxin-activated  Sodius  Channels  in  Lipid  Bilayer 
Meabranes.  in  "Ion  Channel  Reconstitution",  C.  Miller,  ed.,  363-383  (1986). 


The  following  abstracts  hsve  resulted  froa  work  on  this  project: 

Nelson,  M.T.  snd  R.  Reinhardt.  Incorporation  of  potasaiua  channels  froa  rat 
brain  aynaptosoaes  in  planr  bilayers.  Blophvs.  £.  36a  (1983). 

French,  R.J.,  J.F.  Worley,  and  B.K.  Krueger.  Unitary  current  fluctuations  due  to 
saxitoxin  block  of  sodiua  channels  in  planar  bi  layers.  Blophvs.  J.  4£:  142a 
(1983). 

Krueger,  B.K.,  J.F.  Worley,  and  R.J.  French.  Sodiua  channels  froa  rat  brain  in 
planar  lipid  bilayers.  Blophvs.  £.  H.:  142a  (1983). 

Nelson,  M.T.  Parasant  ions  affect  ths  conductance  and  open  tiass  of  single 
calciua  channels  froa  rat  brain.  £.  Physiol.  357:  58P  (1984). 

Lederer,  W.J.  and  M.T.  Nelson.  Single  Na-K  channel  current  aeasuraaents  froa 
calf  heart  suscle.  J.  Phvalol,  357:  46P  (1984). 
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Worley.  J.F.  Sodi.ua  channels  In  planar  lipid  bilayexs:  Effects  of  divalent 
cations  on  Ion  peraeatlon.  Blophva.  £.  45.:  186a  {1984). 

Nelson,  N.T.  Single  calclus  channel  current  aeasuresents  from  brain  synaptososes 
in  planar  lipid  bilayers.  Abat.Soc.  Neuroscience.  9:  508  (1983). 

Nelson,  N.T.  Reduction  of  single  calciua  channel  currents  by  lanthanum  and 
cadmium.  Blophva.  J.  45:  395a  (1984). 

Nelson,  N.T.,  R.  Reinhardt,  and  W.J.  Laderer.  Sodium  channels  from  mammalian 

heart  muscle  incorporated  into  planar  lipid  bilayera.  Blophva.  J.  45:  185a 
(1984). 

Nelson,  N.T.  and  R.  Reinhardt.  Single  ion  channel  current  measurements  from  rat 
brain  synaptosomes  in  planar  lipid  bilayars.  Blophva.  J.  45:  60-62  (1984). 

Krueger,  B.K.,  J.F.  Worley,  N.T.  Nelson,  N.B.  Blauatain,  and  R.J.  French.  The 

planar  bilayer:  Studying  atructura  and  function  of  ion  channels.  "Transac¬ 
tions  of  the  American  Society  for  Neurochemistry”  16:  318  (1985). 

French,  R.J.,  N.B.  Blaustein,  W.O.  Romine,  K.  Tam,  J.F.  Worley,  and  B.K.  Krue¬ 
ger.  Voltage-dependent  gating  of  single  batrachotoxin-activated  sodium 
channels  in  planar  bilayers.  Blophva.  J.  17:  191a  (1985). 

Nelson,  N.T.,  J.F.  Worley,  T.B.  Rogers,  and  W.J.  Laderer.  Hagnasium  blockade  of 
a  cation-selective  rectifying  channel  from  heart  muscle.  Blophvs.  £.  17: 
143a  (1985). 

Worley,  J.F.,  R.J.  French,  and  B.K.  Krueger.  Interactions  of  divalent  cations 
with  single  sodium  channels.  Blophvs.  £.  £7  439a  (1985). 

Nelson,  N.T.  Divalent  cation  interactions  with  single  calcium  channels  from  rat 
brain:  Evidence  for  two  sites.  Bloohys.  £.  17:  67a  (1985). 


Staff  members  of  this  project  attended  the  following  meetings  to 
present  the  experimental  results  from  this  project: 


B.K.  Krueger  and  R.J.  French.  Gordon  Research  Conference  on  "Ion  Channels 
in  Nuscle  and  Other  Excitable  Tissues”,  8/82. 

R.J.  French,  N.T.  Nelson,  J.F.  Worley,  Biophysical  Society  Neeting,  San 
Diego,  CA,  2/83.  ’ 

B.K.  Krueger  (invited  speaker)  Gordon  Research  Conference  on  "Holecular  3 

Pharmacology”,  6/83.  j 

R.J.  French  (invited  speaker)  Gordon  Research  Conference  on  "Cell 
Nembranea”,  8/83.  j 

R.J.  French  (invited  speaker)  XXIXth  International  Physiological  1 

Congress,  Sydney,  Austrelia,  8/83.  3 
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R.J.  French  (presented  plenery  paper),  B.K.  Krueger,  J.F.  Worley,  end  H.T. 
Nelson,  Invited  perticipents  in  4th  Biophysical  Discussions  on  Ion  Channels, 
Airlie,  VA,  10/83. 

N.T.  Nelson,  13th  Annual  Nesting  of  the  Society  for  Neuroscience,  Boston, 

MA,  11/83. 

R.J.  French,  H.T.  Nelson,  J.F.  Worley.  Biophysical  Society  Meeting,  San 
Antonio,  TX,  2/84. 

N.T.  Nelson,  (invited  speaker),  Syapoaiun  on  "Calciua  and  Phosphate  Transport 
across  Bioaaabranes"  Vienna,  Austria,  3/84. 

N.T.  Nelson,  nesting  of  the  Physiological  Society,  Caabridge,  UK,  7/84. 

J.F.  Worley,  Attended  (with  fellowship)  Cold  Spring  Harbor  course  on 
“Advanced  Electrophysiological  Techniques",  7/84. 

R.J.  French  (invited  speaker)  and  B.K.  Kruager.  Gordon  Rasearch  Conference 
on  “Ion  channels  in  auscle  and  other  excitable  aeabranes",  8/84. 

R.J.  French,  Invited  lecturer  at  "International  School  on  Ionic  Channels" 
Santiago,  Chile,  11/84. 

R.J.  French,  B.  K.  Krueger,  J.F.  Worley,  N.B.  Blauatein,  N.T.  Nelson. 

29th  Annual  Nesting  of  the  Biophysical  Society,  Baltiaore,  HD,  2/83. 

B.K.  Krueger,  (invited  speaker)  Syaposiua  on  "Ion  Channels  in  Bilayers". 
Sixteenth  Annual  Meeting  of  the  Aaerical  Society  for  Neurocheaistry ,  Baltiaore, 

ND,  3/85. 


C.  SODIUM  SHAMELS  in  PLANAR  BI layers. 

During  the  first  year  of  this  contract,  voltage-dependent  s->diua  channels 
froa  rat  brain  aeabranes  (1)  were  incorporated  into  planar  phospholipid  bilayer 
aeabranes  (2).  The  channels  were  activated  by  batrachotoxin  (BTX)  on  the  side 
opposite  rat  brain  aeabrane  addition  (trsns)  and  were  blocked  by  saxitoxin  (STX) 
froa  the  aide  of  vesicle  addition  (cis) .  This  allowed  the  assignaent  of  the  cis 
side  as  the  outside  of  the  bi layer  with  respect  to  the  channels.  Both  aacrosco- 
pic  (aultichannel)  and  single  channel  currants  wars  studied.  The  single  channel 
conductance  was  30  pS  (30  x  10'12  ohas~l)  in  ayaaatrical  0.5  N  NaCl.  STX  blocked 
with  an  apparent  dissociation  constant  of  about  4  nH.  Stepwise,  unitary  current 
fluctuations  were  observed  which  were  due  to  the  blocking  and  unblocking  of 
individual  sodiua  channels.  Single  BTX-actlvated  sodiua  channels  were  selective 
for  sodiua  over  potassiua,  cesiua,  and  chloride.  Hyperpolarization  favored 
channel  closing.  Block  of  single  sodiua  channels  by  STX  was  voltage-dependent 
with  hyperpolarizing  potentials  favoring  block.  There  is  little  doubt  that  these 
channels  are  Identical  to  t!)ose  that  are  responsible  for  the  depolarizing  phase 
of  the  action  potantiol  of  nerve  cells  and  that  are  the  only  known  site  of 
action  of  STX  and  TTX.  Details  of  thase  raaulta  can  La  found  in  Krueger  at  al., 
1983  (2).  Several  particularly  intaraating  findings  case  out  of  this  work.  This 
was  the  first  report  in  the  literature  of  the  successful  incorporation  of  vol¬ 
tage-dependent  sodiua  channels  into  an  artificial  aeabrana.  By  taking  advantage 
of  the  fact  that  in  the  presence  of  BTX,  the  channels  are  nearly  always  opan  at 
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membrane  potentials  of  +60  aV,  we  demonstrated  stepwise,  unitary  current  fluc¬ 
tuations  due  to  the  blocking  and  unblocking  of  individual  sodius  channels  by 
STX.  This  demonstrated  for  the  first  time  that  block  by  STX  is  all-or-none,  that 
is,  a  channel  is  either  fully  open  or  completely  blocked  by  STX.  Another  inter¬ 
esting  result  that  is  described  in  more  detail  in  French  eh  al.,  1964  (3>  is 
that  block  by  STX  is  affected  by  the  membrane  potential  with  depolarizing  poten¬ 
tials  reducing  the  potency  of  block  by  up  to  50-fold. 

All  experiments  on  sodium  channels  reported  here  have  been  carried  out  with 
channels  incorporated  into  planar  bilayers  formed  from  solutions  of  phospho¬ 
lipids  (either  phosphatidylethanolenine  or  phosphatidylethanolamine  and  phoopha- 
tidylserine)  in  decane  as  described  in  Krueger  at  al.,  1983  (2).  Membrane  vesi¬ 
cles,  prepared  from  homogenates  of  rat  brain,  are  added  to  one  side  of  the 
planar  bilayer  (the  cis  side)  and  channel  incorporation  monitored  by  observing 
stepwise  single  channel  current  fluctuations  with  a  potential  applied  to  the 
membrane.  Unless  otherwise  specified,  the  solutions  on  both  sides  of  the  planar 
bilayer  contained  identical  electrolyte  compositions  (usually  500  mM  or  250  mH 
NaCI)  and  batrachotoxin  (BTX)  was  present  on  the  side  opposite  vesicle  addition 
(the  trans  aide).  Ionic  currents  throught  single  channels  was  recorded  using 
either  a  Yale  Mark  IV  patch  clamp  or  one  of  several  homemade  devices  constructed 
in  our  electronics  shop.  With  the  membranes  used  in  these  studies  (normally  0.25 
mm  in  diameter),  we  can  record  currents  steps  of  about  1  pA  at  500  Hz  or  about 
0.2  pA  at  about  100  Hz.  These  bandwidths  place  limitations  on  the  resolution  of 
fast  gating  events  and  we  are  working  on  methodologies  to  reduce  the  membrane 
size  in  order  to  increase  the  effective  recording  bandwidth. 


D.  VOLTAGE-DEPENDENT  BLOCK  OF  SODIUM  CHANNELS  |Y  SAXITOXIN  AND  TETR0D0T0XIN . 

Summary,  Our  preliminary  finding  (2)  that  the  potency  of  block  of  sodium 
channels  by  STX  varied  with  the  membrane  potential  hrs  now  been  investigated  in 
detail.  All  experiments  were  conducted  on  bilayers  containing  only  one  or  a  few 
sodium  channels.  The  voltage  dependence  of  STX  block  was  evaluated  from  steady 
state  measurements  of  the  fractional  block  as  a  function  of  STX  ccnccntraticn 
over  a  range  of  membrane  potentials.  It  was  found  that  the  dissociation  constant 
(Kj)  for  STX  block  ranged  from  about  1  nH  at  -60  mV  (near  the  normal  resting 
potential)  to  about  50  nH  at  +60  mV.  By  evaluating  the  kinetic  parameters  of 
unitary  single  channel  fluctuations  induced  by  STX,  we  were  able  to  determine 
that  depolarization  decreased  the  blocking  rata  constant  and  increased  the 
unblocking  rate  constant.  At  each  potential,  the  Kj  derived  from  kinetic  para¬ 
meters  agreed  well  with  the  Kj  obtained  from  steady  state  determinations. 

Voltage-dependent  STX  block  was  entirely  unexpected.  Several  investigators 
had  previously  considered  the  possibility  that  STX  or  TTX  block  was  voltage- 
dependent  (4-6)  but  in  each  case  no  evidence  could  be  found  to  demonstrate 
such  an  effect  of  voltage  on  block.  One  report  (7)  suggested  that  depolarization 
of  heart  cells  Increased  the  potency  of  TTX  block,  however,  the  validity  of  the 
experimental  methods  used  to  carry  out  those  experiments  have  been  questioned 
(8),  and  more  recent  studies  have  failed  to  confirm  that  finding  (9).  As  summa¬ 
rized  above,  our  results  demonstrate  that  depolarization  reduces  the  potency  of 
STX  block  at  least  under  the  specific  experimental  conditions  used  in  our  exper¬ 
iments. 

A  voltage-dependent  process  suggests  that  one  or  more  electric  charges  are 
interacting  with  the  membrane  electric  field.  The  most  likely  candidate  for 
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those  charges  is  ths  STX  soiscuis  itsslf  which  is  s  divslsnt  cstion  under 
physiological  conditions.  Ono  possibla  sschanisn  is  that  ths  binding  sits  for 
STX  liss  insids  ths  channel  at  a  location  within  ths  asabrans  slsctric  field. 
Thus  block  by  STX,  approaching  -iron  ths  outside,  would  be  favored  by  negative- 
inside  (hyperpolarizing)  potentials,  asking  the  potency  of  block  greater 
(10,11).  Our  initial  results  appeared  to  be  consiatent  with  this  aodel.  However 
we  have  subsequently  coapared  the  action  of  TTX,  a  monovalent  cation,  with  the 
divalent  STX.  The  Kj'a  for  these  two  toxins  vary  identically  with  voltage, 
changing  e-fold  for  a  40  aV  change  in  voltage  (Figure  1).  Since  the  two  charges 
on  STX  are  separated  by  only  3-4  A,  it  is  highly  unlikely  that  one  of  these 
charges  could  penetrate  into  the  transaeabrane  electric  field  without  the  other 
Given  identical  effects  of  voltage  on  the  action  of  the  toxins  with  charges  of 
*1  and  *2,  the  voltage-dependence  is  unlikely  to  result  froa  entry  bf  the  toxin 
aoleculea  into  the  transaeabrane  field.  The  voltage  dependence  auat  arise  froa 
soae  coaaon,  voltage-dependent  step  in  the  binding  and  blocking  reactions, 
perhaps  a  voltage-dependent  conforaational  change  in  the  channel  protein  itself 


Figure  1.  The  apparent  dissociation  constants  (Kg's)  for  TTX  (filled 
circles)  and  STX  (open  circles)  are  plotted  aa  a  function  of  aeabrane  potential. 

Kd's  were  calculated  froa  the  relation  Kd  *  CTX]/:fb*l  -  1)  where  fb  (fraction 

blocked)  was  deterained  froa  single  sodiua  channel  current  aeasureaents  in  i 

planar  bilayers.  1 
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E.  Chemical  Modification  of  the  STX  Binding  Site. 

Many  lines  of  evidence  suggest  the*,  an  ionized  carboxyl  group  located  on 
the  scdius  channel  receptor  is  intimately  involved  in  saxitoxin  and  tetrodotoxin 
binding  and  block.  Radiolabeled  toxin  binding  experiments  using  membrane  vesi¬ 
cles  (12)  and  intact  excitable  membranes  as  well  as  electrophysiological  recor¬ 
dings  (13)  have  demonstrated  involvement  of  an  acidic  site  (pKa  about  5)  in 
toxin  binding  and  block.  These  results  suggest  that  a  carboxyl  or  phosphate 
group  might  be  intimately  associated  with  the  toxin  receptor. 

Modification  of  sodium  channels  by  carbodiimide  or  trimethyloxonium  tetre- 
fluoroborata  (TMO),  two  carboxyl  side  chain  modifiers,  have  been  shown  to  render 
sodium  channels  insensitive  to  TTX  (14).  TMO,  a  more  specific  and  selective 
chemical  modifier  than  carbodiimide,  has  been  shown  to  inhibit  toxin  binding  to 
sodium  channels  irreversibly  (12).  In  addition,  Sigworth  and  Spalding  (15)  and 
Spalding  (16)  demonstrated  that  sodium  currents  in  frog  skeletal  muscle  are 
insensitive  to  tetrodotoxin  after  TMO  modification.  They  also  found  that,  fol¬ 
lowing  TMO  modification,  sodium  currents  were  reduced,  ion  selectivity,  as 
determined  from  alterations  in  the  sodium  current  reversal  potential  in  the 
presence  of  organic  cations,  was  unaffected,  and  the  aensitivlty  of  sodium 
currents  to  alterations  in  pH  was  reduced.  These  results  demonstrated  that  the 
toxin  receptor  site  is  distinct  from  the  domains  of  the  sodium  channel  respon¬ 
sible  for  ion  selectivity  and  gating.  This  section  reports  the  effects  of  chemi¬ 
cal  modification,  by  TMC,  on  sodium  channels  from  rat  brain  incorporated  into 
planar  lipid  bilayers.  Chemical  modification  was  performed  by  the  addition  of 
TMO  to  the  extracellular  surface  of  sodium  channels  incorporated  into  lipid 
bilayern.  For  3h-STX  binding  experiments,  TMO  was  added  to  the  membrane  vesicle 
preparation  (P3) .  Sodium  channels  in  the  bilayer  were  characterized  electri¬ 
cally,  before  and  after  TMO  treatment. 


Effect  of  TMO  modlf icatlon  on  single  sodium  channel  properties 

Figure  2  illustrates  the  modification  of  singla  batrachotoxin-activated 
sodium  channels  by  TMO.  Sodium  channels  from  rat  brain  were  incorporated  into 
membranes  composed  of  PE  with  the  identical  solution  composition  on  both  sides 
to  minimize  asymmetries  in  membrane  surface  charge.  Figure  2A  shows  a  normal 
sodium  channel  which  displays  many  transitions  between  the  open  and  closed 
states  as  shown  by  the  brief  closing  events  lasting  up  to  a  few  tens  of  milli¬ 
seconds,  many  of  which  are  too  brief  to  be  resolved  at  the  present  recording 
bandwidth  (500  Hz).  These  closing  events  reflect  the  voltage-dependent  openings 
and  closings  of  BTX-activated  channels.  At  -60  mV  the  channel  remains  open  most 
of  the  time  (greater  than  98X).  These  channels  were  selective  for  sodium  over 
potassium,  and  are  sensitive  to  STX  and  TTX  (2)  Upon  addition  of  STX  (5  nM)  to 
the  extracellular  side,  long  lived  "closing*'  events  due  to  toxin  block  are 
observed.  Note  that  the  single  channel  conductance  before  and  after  toxin  addi¬ 
tion  is  unchanged  as  shown  by  French,  Worley,  and  Krueger  (3).  Toxin  block  is 
clearly  resolved  as  an  all-or-none  event,  in  contrast  to  the  effect  of  less 
potent  blockers  like  calcium.  These  channels  also  display  voltage  dependent  STX 
and  TTX  block  in  which  depolarizing  potentials  favor  an  unblocked  state  (3,21) 
These  results  are  consistent  with  toxin  binding  to  a  site  located  approximately 
30-40*  of  the  electrical  distance  of  the  transmembrane  field  from  the  extracel¬ 
lular  surface. 
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Figure  2B  illustrates  the  conaaquancaa  of  TRO  modification.  Following 
incorporation  into  nautral  (PE)  membranes,  tha  channala  wara  firat  charactarizad 
with  raapact  to  thair  aingla  channal  conductanca  and  kinatic  behavior  to  verify 
noraal  aodiua  channal  function.  After  TMO  addition  (50-60  mM) ,  tha  aingla  chan¬ 
nal  currant  at  tha  aaaa  applied  potential  (-60  aV)  waa  reduced  by  37X.  Moreover, 
SrX  failed  to  block  tha  channala  at  a  concentration  (SO  nM>  which  would  normally 
block  unmodified  aodiua  channala  by  over  96k  at  thia  potential.  THO  modified 
aodiua  channala  wara  also  inaanaitiva  to  TTX  (100  nM).  I  have  not  determined 
whether  toxin  binding  ia  completely  loat  or  tha  affinity  ia  greatly  reduced, 
however,  tha  affinity  for  toxin  would  have  to  be  decreased  by  at  laaat  two 
ordara  of  magnitude  to  account  for  thia  raault. 


Figure  3  illuatrataa  tha  aingla  channal  currant-voltage  relationship  before 
and  after  TMO  modification.  Note  that  the  relationships  are  linear  over  the 
voltage  range  studied  and  that  TMO  lowers  the  single  channel  conductance  from  25 
>0.6  pS  to  15.6  pS  >0.3  pS.  Hydrogen  ions  are  produced  when  TMO  reacts  with 
water;  one  hydrogen  ion  ia  generated  per  molecule  of  TMO.  However,  the  linearity 
of  the  current-voltage  relationship  shows  that  the  buffering  waa  adequate  to 
keep  the  pH  constant.  If  the  extracellular  pH  had  not  been  maintained,  then 
inward  single  channel  current  would  have  been  reduced  by  the  presence  of  hydro¬ 
gen,  in  a  voltage-dependent  manner. 


6ad.MgU.ga  at  tJLnalt  Shann*.!  spnsn»<?&an,st  and  toxin  sensitivity 

When  STX  (1-10  nM)  waa  added  before  TMO  addition,  alterations  in  channel 
function  were  not  observed  (n*4  experiments).  Similarly,  when  two  or  more  chan¬ 
nels  were  in  the  bilayer,  occasionally  one  waa  modified  while  the  other  waa  not 
as  illustrated  in  Figure  4.  At  60  mV,  a  toxin  unblocked  state  ia  favored  for 
normal,  unmodified  STX  sensitive  aodiua  channels  in  which  tha  K<j  for  block  ia 
about  80  nM.  At  -60  mV  block  is  much  more  potent  and  the  K<)  is  about  2-4  nM  (3) . 
Figure  4  shows  a  bilayar  containing  two  aodiua  channels,  only  one  of  which  has 
been  modified  by  TRO.  Note  that  the  modified,  low  conductance  sodium  channel  is 
always  unblocked  and  tha  single  channel  current  is  about  0.9  pA.  However,  the 
unmodified  sodium  channel  which  ia  blocked  and  unblocked  by  STX  has  a  single 
channel  current  of  about  1.4  pA.  If  one  were  to  extend  this  record  to  much 
longer  times  the  modified  channel  would  never  display  the  characteristic  long 
lived  blocked  and  unblocked  states  displayed  by  the  unmodified  channel  in  this 
bilayer.  At  -60  mV,  the  unmodified  sodium  channel  is  initially  unblocked  and 
then  blocked  by  STX  vary  aoor.  after  tha  voltage  step  and  does  not  become  un¬ 
blocked  again.  On  the  other  hand,  the  TMO  modified  channel  is  never  blocked  by 
STX.  This  result,  and  others,  (n*3>  demonstrate  that  when  a  sodium  channel  was 
modified  by  TMO,  both  the  reduced  single  channel  conductanca  state  and  toxin 
insensitivity  were  observed  and  suggested  that  both  of  these  physiological 
consequences  of  TMO  resulted  from  modification  of  a  common  site. 


IBS.  reaction  with  water 


A  concern  in  these  studies  was  that  the  by-products  of  the  TMO  reaction 
with  water  (methanol  and  ether)  were  producing  changes  in  sodium  channel  proper¬ 
ties  rather  than  the  reagent  itself.  To  test  this,  TMO  was  allowed  to  react 
completely  with  solutions  bathing  a  preformed  bilayer  prior  to  addition  of 
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Figure  2A.  A  single  sodius  channel  was  incorporated  into  a  neutral  (PE) 
seabrane  in  which  the  solutions  on  both  sides  of  the  bilayer  contained  125  aM 
sodiua.  The  current  fluctuations  were  recorded  at  -60  aV  and  the  zero  current 
levels  are  indicated  by  an  arrow  so  that  upward  current  deflections  represent 
channel  closings.  In  the  absence  of  STX,  the  channel  spent  over  98*  of  the  tiae 
in  the  open,  ion  conducting  state  (top).  When  5  nh  STX  was  added  to  the  extra¬ 
cellular  side  (bottoa),  the  channel  was  in  the  closed  or  blocked  state  aost  of 
the  tiae,  with  only  infrequent  openings  as  the  STX  aolecule  dissociated  froa  the 
blocking  site. 


125  mM  Ns 


+  TMO  +  50  nM  STX 

< 


0.5  sec 


Figure  2B.  These  current  fluctuations  ere  froa  s  different  channel  under 
the  seae  conditions  as  in  A  except  that  no  STX  was  present  (top  current  trace). 
When  TMO  (50  aN)  was  added  to  the  extracellular  aide  of  the  incorporated  chan¬ 
nel,  the  single  channel  current  was  reduced  by  37*  (middle) .  When  SO  nM  STX  was 
added  to  the  aaae  side  as  TMO,  there  were  no  long  lived  closing  or  blocking 
events  as  observed  in  A.  The  STX  concentration  was  ten  tiaes  higher  in  B  than  in 
A.  Note  the  difference  in  tiae  scale  for  A.  and  B.  These  records  were  filtered 
at  150  Hz. 


Figura  3.  Currant-voltaga  relationship*  for  noraal  and  TMO  aodifiad  aodiua 
char.nala.  Tha  conductanca  of  aodiua  ehannal  prior  to  addition  of  tha  chaalcal 
aodlfleatlon  raagant  waa  29  ♦  0.6  pS  <f Iliad  clrclaa).  In  9  axpariaanta,  follow 
lng  THO  aodlfleatlon  tha  alngla  ehannal  conduetanca  la  raducad  to  19.8  ♦  0.3  pS 
(opan  clrclaa) . 
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Figure  4.  Single  channel  current  fluctuatlona  from  a  neutral  •eebrane 
containing  an  unaodlfled  sodiua  channel  and  a  TMO  modified  aodiua  channel.  These 
records  were  taken  at  60  and  -60  aV  in  the  presence  of  50  nM  STX.  For  the 
current  record  at  the  bottoa  the  arrow  indicates  that  the  potential  waa  changed 
froa  0  aV  to  -60  aV;  note  the  decay  in  the  capacitatlve  current  spike.  The  open 
states  <or  levels)  of  the  two  channel  types  are  Indicated  at  the  right.  The 
larger  conductance  site  displays  voltage-dependent  block  by  STX,  while  the  STX 
insensitive  channel  la  open  Boat  of  the  tine.  Rote  the  STX  block  on  the  eapaei* 
tatlve  transient  when  the  voltage  is  steped  to  -60  aV. 
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biological  aatarial.  Tha  pH  waa  aaintainad  at  7.0  by  tha  addition  of  concen- 
tratad  NaOH.  Haabrana  vaaiclaa  (P3)  wara  than  added,  raaulting  in  incorporation 
of  noraai,  unaodifiad  aodiua  channala  which  wara  STX  aanaitiva  and  ahowad  no 
raduction  in  aingla  channal  conductanca.  Furthermore,  no  datactabla  altaxationa 
in  any  othar  functional  propartiaa  wara  obaarvad.  Thia  daaonatrataa  that  tha 
triaathyloxoniua  ion  ia  nacaaaary  to  aodify  or  convart  aingla  aodiua  channala  to 
a  raducad  aingla  channal  conductanca  atata  which  ia  toxin  inaanaitiva. 

In  approxiaataly  20X  of  tha  attaapta  to  aodify  aodiua  channala,  toxin 
inaanaitiva  aodiua  channala  wara  not  obaarvad  following  addition  of  tha  carboxyl 
aodify ing  raagant.  Praauaably,  thia  waa  dua  to  tha  labila  natura  of  tha  raagant 
in  aquaoua  solution,  particularly  at  rooa  taaparatura  (about  24°C).  Tha  half 
Ufa  of  THO  in  an  aquaoua  oolution  ia  batwaan  1-8  ainutaa  at  5°C  and  ia  vary 
taaparatura  dapandant  (16,17)  In  auccaaaful  axpariaanta,  aolid  TNO,  which  had 
baan  prawaighad  and  atorad  at  4°C  no  longar  than  a  faw  houra  in  a  aaalad  test- 
tuba,  was  addad  to  tha  axtracallular  aida  of  tha  channal  with  brisk  stirring. 


Effect  si  axtracallular  calcium  sn  <lngla  channal  currents 

Divalant  cations  hava  oawn  shown  to  influanca  aodiua  ion  aovaaant  through 
aodiua  channala  in  a  variaty  of  tiasuaa.  Figura  SA  shows  tha  affact  of  axtracal¬ 
lular  calciua  addition  on  aingla  aodiua  channal  currants.  Sodlua  channala  wara 
incorporatad  into  bllayar  aaabranaa  composed  of  nautral  phospholipids  (PE)  in 
which  tha  solutions  on  both  aidaa  of  tha  bilayar  wara  ayaaatrical,  and  contained 
lass  than  100  nM  divalanta.  At  -60  aV,  tha  aodiua  channala  wara  aoatly  opan  with 
occasional  fluctuations  to  tha  closed  state.  Whan  10  aK  calciua  waa  addad  to  tha 
axtracallular  aida  of  an  incorporatad  aodiua  channal,  tha  single  channal  currant 
waa  raducad  by  about  60*.  Notice  at  tha  and  of  tha  record  tha  currant  fluctua¬ 
tions  caaaa  and  tha  currant  level  indicates  that  tht  channel  la  closed.  This  is 
dua  to  tha  presence  of  a  low  concentration  of  STX  (3  nK)  which  waa  addad  to 
provide  an  unaabiguous  dataralnation  of  tha  single  channal  currant  aagnituda. 
Thia  calciua  induced  currant  raduction  ia  praauaably  dua  to  a  rapid  aovaaant  of 
calciua  ions  into  and  out  of  a  blocking  site,  located  in  tha  aodiua  channal, 
producing  a  ties- averaged  raduction  in  tha  single  channal  currant. 

In  addition  to  currant  raduction,  thara  ia  an  affect  of  axtracallular 
calciua  on  tha  channel's  activation  kinetics.  Tha  sodlua  channal  appears  to 
spend  a  greater  aaount  of  tlaa  in  tha  closed,  non-conducting  state  in  tha 
presence  of  extracellular  calciua.  Tha  affact  of  axtracallular  calciua  on  tha 
kinetic  properties  of  aodiua  channels  haa  baan  described  previously  and  waa 
expected . 

Tha  aingla  channal  currant -voltage  relationship  before  and  after  calciua 
addition  ara  shown  in  Figura  3.  As  tha  aaabrana  voltage  is  aada  acre  negative, 
tha  Inward  aingla  channal  currant  is  raducad  (blocked)  froa  control  levels  by 
calciua.  Thara  is  greater  currant  raduction  at  -90  aV  (about  740  than  at  -30  aV 
(about  53X).  Therefore,  raduction  of  inward  aingla  aodiun  channal  currants  by 
calciua  is  voltage-dependent,  such  that  aora  hyper polarized  potentials  favor 
greater  currant  raduction. 

Table  1  shows  tha  influanca  of  voltage  on  tha  raduction  of  inward  currants 
by  axtracallular  calciua.  Tha  apparent  affinity  (Ki>  for  calciua  evaluated  at 
each  potential  has  baan  calculated  froa  tha  fraction  blocked  currant  (Fb)  ob 
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Figure  SA.  Effects  of  extracellular  calciua  on  single  sodlua  channels. 

The  single  sodlua  channel  was  incoporated  into  a  nautral  aaabrane  bathed  by 
ayaaetrical  125  aR  sodlua  solutions  and  the  zero  current  levels  are  indicated  by 
the  arrows.  Single  channel  current  flucuatlons  ware  recorded  at  -60  aV  in  the 
absence  (top  trace)  and  presence  of  10  aR  extracellular  calciua  (bottoa).  A 
sasll  aaount  of  STX  was  added  to  the  extracellular  solution  upon  addition  of 
calciua  and  is  responsible  for  the  long  closing  observed  at  the  and  of  the 
current  record  at  the  bottoa. 
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Figure  SB.  The  current-voltage  relationship  for  sodlua  channels  in  the 
absence  (open  circles)  end  presence  (closed  circles)  of  10  sN  extracellular 
calciua.  Each  point  represents  data  collected  froa  6  experiaents  and  the  saooth 
curve  vea  drawn  by  eye. 


tallied  froa  tha  following  ralatlonabip: 

Ki  «  <Fb-l  -  1)  •  CCa2*l  ....  <1> 

Tha  aora  nagativa  tha  aaabrana  potential,  tha  higher  tha  apparent  affinity  for 
calciua.  By  adopting  tha  foraaliaa  uaad  by  Woodhull  (10),  one  can  determine  the 
apparent  voltage  dependence  of  block,  or  fractlQn  of  the  field  sensed  by  cal¬ 
ciua,  froa  the  following  relationship 

Ki (E)  «  K0»exp(DzFE/RT)  -  (2) 

where  Ki<E)  and  K0  are  tha  calculated  inhibition  constants  for  calciua  at  the 
indicated  potential  (E)  and  0  aV,  respectively,  0  is  the  fraction  of  the  applied 
electric  field  sensed  by  the  divalent  blocker,  z  la  tha  valence  of  tha  ion,  and 
R,  T,  and  F  have  their  usual  aaaninga.  Froa  tha  fraction  of  blocked  current  at 
each  potential  tha  Ki  can  be  datarainad  froa  equation  2  (Table  1).  These  results 
suggest  that  calciua  binds  to  a  site  located  approximately  23X  of  the  electrical 
distance  froa  tha  extracellular  surface  and  is  in  close  agreement  to  the  results 
froa  other  studies  on  extracellular  calciua  addition  (10). 


Table  1. 

E  (aV) 

Effect  of  voltage  on  extracellular 

Fraction  of  currant  blocked 

calciua  block 

Ki  (aM) 

-33.7 

0.51 

£  0.04 

9.6 

£  1.6 

-63.7 

0.64 

£  0.03 

5.6 

£  0.9 

-73.7 

0.68 

♦  0.03 

4.7 

£  0.7 

-83.7 

0.71 

£  0.02 

4.1 

£  0.5 

-53.7 

0.74 

£  0.02 

3.5 

£  0.3 

-103.7 

0.79 

• 

2.6 

•  Data  point  was  datarainad  froa  one  aaabrana.  All  other  values  ware 
collected  froa  4-7  aaabranaa. 


SfcftffA*  at  Sfllcj.ua  Q£L  SIX.  bjgck 

Since  STX  is  specific  for  the  sodium  channel,  it  nay  be  used  as  a  tool  to 
study  interactions  of  other  agents  or  ions  with  the  channel.  Figure  6  illus¬ 
trates  tha  influence  of  calciua  on  STX  block  of  a  single  sodium  channel  incor¬ 
porated  into  a  neutral  (PE>  aaabrana  with  syaaetrlc  solutions.  STX  (10  nM)  was 
added  to  the  extracellular  side  of  the  incorporated  sodium  channel.  At  -60  mV 
the  channel  spends  over  95*  of  its  tiaa  blocked  by  STX.  When  10  aM  calciua  was 
added  to  both  aides  of  the  bilayer,  the  sodiua  channel,  on  the  average,  spent  a 
longer  tiae  in  the  open,  unblocked  state  as  indicated  by  tha  increased  open  (STX 
unblocked)  dwell  tiaea  (Figure  6) .  This  suggests  that  tha  on  (or  blocking) 
rate  for  STX  is  reduced  in  the  presence  of  calciua.  Furtheraore,  tha  overall 
fraction  of  tiae  the  channel  spends  in  tha  unblocked  state  is  increased,  indica¬ 
ting  that  the  overall  sensitivity  to  toxin  has  been  decreased.  Also,  the  single 
channel  current  w«.a  reduced  about  60*  in  the  presence  of  10  aH  calciua  (see 
Figure  5  for  comparison).  Calciua  was  added  symmetrically  to  avoid  a  change  in 
the  tiae  the  channel  spends  in  the  closed  stats  due  to  a  shift  in  the  voltage 
dependence  of  channel  gating  as  observed  in  Figure  5A.  Therefore,  current  fluc¬ 
tuations  between  the  open  and  closed  stats  could  ba  attributed  to  STX  blocking 
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Figure  6.  Effect  of  ealclue  on  STX  block.  A  single  sodium  channel  was 
incorporated  into  neutral  <PE>  planar  lipid  bilayera  with  symmetrical  123  mM  1 

sodium  and  5  nM  STX  only  on  the  extracellular  side.  The  current  fluctuations 
were  recorded  at  -60  mV  and  the  zero  current  levels  are  indicated  by  the  arrows 
mo  that  downward  fluctuations  in  the  currant  racord  are  channel  openings.  The 
current  record  at  the  top  shows  that  the  channel  is  blocked  by  STX  over  90*  of 
the  time,  and  becomes  unblocked  only  briefly.  When  10  mM  calcium  io  added  to 
both  sides  of  the  membrane,  the  mingle  channel  current  is  reduced  the  mean  * 

unblocked  dwell  time  ia  incraaaad  and  the  channel  spends  a  larger  fraction  of 
the  time  in  the  open,  unblocked  state. 
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and  unblocking  events,  uncomplicated  by  alterations  in  gating  behavior.  Similar 
affects  on  STX  block  were  obtained  with  ealciun  addition  to  the  extracellular 
aide  alone. 

Table  2  shows  the  results  of  kinetic  and  steady  stats  analysis  of  records 
such  as  those  of  Figure  6.  There  is  about  a  five-fold  reduction  in  the  on 
(blocking)  rata  for  STX  and  a  aaall  affect  on  the  STX  off  (unblocking)  rate. 
Overall,  calciua  causes  about  a  seven-fold  increase  in  the  apparent  dissociation 
constant  for  STX  block  deterained  fros  either  kinetic  rate  constants  or  steady 
state  fractional  bl  jck  neasuresanta.  The  extent  to  which  the  off  rate  for  STX 
block  was  altered  in  the  presence  of  calciua  varied  froa  experiment  to  experi¬ 
ment.  Given  the  aaall  saaple  size  of  single  channel  current  fluctuations  between 
the  blocked  and  unblocked  state  (about  GO),  the  confidence  interval  is  about  13- 
20k  therefore,  one  auat  conclude  that  the  off  rate  for  STX  was  apparently 
unaffected  by  calciua  since  the  range  of  standard  errors  of  the  aeana  overlap, 
so  that  their  differences  are  not  significant.  These  results  suggest  that  cal¬ 
cium  competes  with  STX  for  the  blocking  site,  thereby  reducing  STX  affinity. 


Table  2.  Calciua  influence  on  STX  block. 


LCa02*J  Kon 

10-8  h-1  s-1 


K0ff  Xd  (nH) 

s-1  rate  constant  steady  state 


0  nH  0.3*0  ♦  0.010  0.034  ♦  0.020  1.3  ♦  0.3  1.5  ♦  0.4 

10  aM  0.065  ♦  0.010  0.056  *  0.020  9.6  ♦  0.4  9.8  ♦  0.6 


These  determinations  were  collected  froa  three  separate  single  channel 

aeabranea . 


galslm  iaMteila  3h-stx  frinUna 

3H-STX  binding  to  aeabrane  vesicles  (Pg)  is  also  reduced  in  the  presence  of 
calciua  as  shown  in  Figure  7.  The  double  reciprocal  plots  illustrate  a  shift  in 
the  X<),  without  altering  Vaax  for  binding.  In  these  experiments,  10  aM  calciua 
caused  a  5-6  fold  increase  in  the  dissociation  constant  for  ^H-STX  binding,  with 
the  characteristics  of  e  coapetitve  inhibitor.  These  values  are  siailar  to  those 
obtained  froa  3H-STX  binding  experiaents  u.ider  siailar  conditions.  Therefore,  it 
appears  that  calciua  can  coapete  for  the  STX  binding  and  blocking  site. 


Cftlclu-R  and.  SUL  nr.fl&«g.t  against  ma  modification 

Competition  between  calciua  and  STX  could  be  a  aanifestatlon  of  interac¬ 
tions  of  the  blockers  with  the  sodlua  channel  at  separata  sites.  However,  Figure 
8  Illustrates  that  both  STX  and  calciua  are  able  to  protect  against  THO  modifi¬ 
cation,  presumably  by  binding  to  the  toxin  binding  site.  The  reduction  in  the 
number  of  chemically  aodlfied  STX  binding  sites  occurs  in  s  dose-dependent 
manner  which  closely  follows  the  potency  for  block  by  STX  and  cslciua  obtained 
froa  single  channel  measurements.  As  the  STX  or  cslciua  is  increased,  the  nuaber 
of  3H-STX  binding  sites  recovered  after  THO  aodiflcstion  increases.  The  arrows 
indicate  the  predicted  occupancy  of  the  ion,  STX  or  calciua,  as  deterained  froa 
their  effects  on  the  single  aodiua  channels  in  the  bilayer.  The  parallel  between 
the  sensitivity,  or  potency  of  channel  blockade  by  calciua  and  STX  and  their 
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Figure  7.  Double  reciprocal  plr  .  of  3H-STX  binding  to  sesbrane  vesicles 
(P3>.  Binding  was  saaaured  under  equillbrius  conditions  at  4°C  in  the  presence 
of  125  aH  sodiua  at  pH  7.0  with  (closed  circles)  and  without  (open  circles)  10 
aH  calciua.  Each  point  represents  four  detersinations  of  radiolabeled  STX  bound 
to  aeabrane  vesicles  (0.2  ag/al)  at  the  indicated  concentration.  In  the  presence 
of  calcium,  the  STX  affinity  is  reduced.  Fros  double  reciprocal  plots  such  as 
this  one,  celclua  increased  the  apparent  dissociation  constant  fros  0.87  ♦  0.06 
nH  to  5.12  ♦  0.04  nH  3h-STX  (n»3> . 
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Figura  6.  STX  «nd  Calciua  protaction  froa  TNO  aodif ication.  3H-STX  binding 
waa  aaaaurad  aftar  tha  addition  of  TNO  (50-60  aN>  in  tha  praaanca  of  STX  or 
calciua  at  tha  indicatad  concantration  in  tha  raaction  aixtura.  Tha  data  ara 
plottad  aa  tha  aaan  ♦  atandard  arror  of  tha  aaan  <n»4).  Zaro  STX  or  calciua 
rapraaanta  tha  aodif ication  of  tha  STX  binding  aita  by  TNO.  In  soao  caaaa  TNO 
aodif ication  waa  variabla  aaong  diffarant  praparationa,  varying  froa  10-30*  losa 
of  3H-STX  binding.  Tha  arrowa  lndlcata  tha  axpactad  protaction  froa  TNO  aodif i- 
cation  aa  daacribad  in  tha  taxt. 
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ability  to  protact  from  chaaical  modification  further  supports  the  hypothesis 
that  calcium  and  STX  can  bind  to  a  common  site,  which  is  the  toxin  binding  site. 


TWO  modification  reduces  sodium  channel  block  by  extracellular  calcium 

The  following  experiments  ware  designed  to  determine  whether  the  TMO  modi¬ 
fied  site  is  the  same  site  that  binds  calcium  to  reduce  the  single  channel 
currents.  Figure  9  illustrates  the  current-voltage  relationships  of  a  TMO  modi¬ 
fied  sodium  channel  before  and  after  the  addition  of  10  mM  calcium  to  the 
extracellular  side.  This  toxin  insensitive  sodium  channel  appears  to  be  nearly 
Insensitive  to  calcium  block  following  TMO  modification.  The  degree  of  current 
reduction  is  considerably  lower  than  that  of  the  unmodified,  STX  sensitive 
sodium  channel  ca  was  illustrated  in  Figure  4  and  this  can  be  further  demon¬ 
strated  by  the  following  figure. 


In  Figure  10  the  amount  of  currant  reduction  (fraction  blocked)  in  the 
presence  of  calcium  is  plotted  as  a  function  of  the  applied  voltage  for  both  a 
normal  and  a  TMO  modified  channel.  At  all  potentials,  the  TMO  modified  channel 
is  less  sensitive  to  extracellular  calcium  than  the  unmodified  sodium  channel. 
The  smooth  lines  were  drawn  assuming  the  fraction  of  the  field  sensed  by  the 
blocking  ion  was  constant  (0*0.23),  while  the  affinity  for  calcium  at  0  mV  (K0) 
was  varied.  The  line  at  the  top  of  the  figure  was  calculated  using  a  K0  of  17.7 
mM  calcium.  The  other  two  lines  were  determined  as  the  K0  is  increased  to  133 
snd  240  mM  calcium.  This  implies  that  alterations  in  the  functional  groups  of 
the  sodium  channel,  following  TMO  modification,  are  responsible  for  drastically 
lowering  the  affinity  for  calcium.  It  is  not  possible,  at  this  time,  to  deter¬ 
mine  whether  calcium  block  of  TMO  modified  sodium  channels  is  voltage-dependent 

In  recent  years  there  hcs  been  considerable  interest  in  the  relationship 
between  the  structure  and  the  function  of  ion  channels.  This  study  has  used 
chemical  modification  of  single  sodium  channels  in  planar  lipid  bilayers  to 
perturb  channel  structure  and  monitor  the  consequences  by  recording  the  chan¬ 
nel's  behavior  before  and  after  chemical  modification.  The  aim  was  to  determine 
the  role(s)  played  by  TMO  modified  groups  on  the  functional  properties  of  toxin 
block  and  ion  permeation  of  sodium  channels,  ‘i.iis  report  endeavors  to  investi¬ 
gate  a  possible  link  between  ion  permeation  and  toxin  binding.  Therefore,  the 
following  discussion  will  center  on  evidence  that  suggests  that  a  collection  of 
protein  residues  (or  side  chains)  on  the  sodium  channel,  referred  to  as  the 
toxin  binding  site,  can  also  bind  cations,  and  that  binding  to  this  site  is  a 
necessary  step  in  the  ion  permeation  process. 


When  added  to  the  extracellular  surface  of  a  sodium  channel  from  rat  brain 
which  has  been  incorporated  into  a  planar  lipid  bilayer,  TMO  eliminated  STX  and 
TTX  sensitivity.  ^H-STX  binding  to  the  rat  brain  membrane  vesicle  preparation 
(P3)  was  also  eliminated.  Furthermore,  single  channel  currents  were  reduced  by 
37*  following  TMO  modification.  TMO  is  a  very  highly  reactive  carboxyl  modifica¬ 
tion  reagent  which  esterifies  carboxyl  groups,  producing  a  methyl  ester.  This 
produces  a  dramatic  change  in  the  character  of  the  protein  residue.  A  normally 
negatively  charged,  hydrophilic  grour  ?  modified  to  a  neutral,  less  hydrophilic 
residue.  Therefore,  the  reduced  single  channel  conductance  could  be  due  to  a 
combination  of  electrostatic  and  sterlc  factors  acting  on  a  permeating  ion.  This 
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Figure  9.  The  influence  of  calciua  on  TMO  aodlfied  channels.  The  current- 
voltage  relationships  were  obtained  froa  sodiua  channels  incorporated  into 
neutral  bilayers  bathed  by  syaaetrical  125  aM  sodiua.  Single  channel  currents 
were  aeasured  following  aodification  by  TMO  (open  circles,  n*9;  sa*  Figure  3) 
and  finally  10  aM  calciua  was  added  to  the  extracellular  side.  STX  (5  nM)  added 
after  TMO  aodification  did  not  block  the  channels.  Ecch  point  on  the  dashed  line 
(closed  triangles)  represents  the  single  channel  current  (aean  ♦  SEN)  at  the 
indicated  potential  in  1-5  aeabranes  containing  TMO  aodified  sodiua  channels  in 
the  presence  of  10  aM  calciua.  The  data  point  at  -80  aV  was  obtained  froa  a 
single  aeabrane.  These  STX  insensitive  channels  are  nearly  insensitive  to  cal¬ 
ciua. 


Voltage  (mV) 


Figure  10.  Fraction  of  currant  blocked  by  calciua.  Tha  fraction  of  currant 
blocked  by  tha  presenca  of  10  aM  axtracallular  calciua  of  single  channel  cur¬ 
rants  of  noraal,  STX  sensitive  sodiua  channels  and  TMO  aodified  sodiua  channels. 
Tha  fraction  of. currant  blockad  by  calciua  was  deterained  froa  the  following 
aquation:  Fb* < 1-Ia^Iaax*  where  I*  and  Iaax  sr*  the  aagnituda  of  tha  single 
channel  currents  in  tha  presence  and  absence  of  10  aM  calciua,  respectively,  and 
were  obtained  froa  the  data  in  Figures  5  and  9.  The  saooth  curves  were  calcu¬ 
lated  as  described  in  the  text  froa  equation  2  with  the  following  parsaeters:  D 
is  0.23  and  K0  was  17.7,  132.9,  and  240  aM  calciua  (froa  top  to  bottoa  line, 
respectively) . 


rilMi  the  following  questions:  1)  Does  TRO  modification  altar  tha  affinity  for 
sodiua?  or  2)  Doaa  chaaical  aodification  changa  tha  aaxiaua  rata  of  aodiua  ion 
paaaaga  through  tha  channel?  If  ona  aaauaaa  that  tha  aaxiaua  transport  rate  of 
ions  through  tha  channel  is  unaltered,  the  affinity  for  sodiua  has  been  reduced 
about  3.3  fold  (see  next  section).  On  the  other  hand,  if  the  affinity  for  sodiua 
is  not  altered  due  to  TRO  aodification,  then  the  aodified  residue(s)  would  cause 
tha  fraa  enargy  raquired  for  sodiua  ion  passaga  across  tha  aaabrane  to  be 
l  increased  by  about  1.5,  thus  lowering  tha  overall  ion  paraaation  rata,  the  next 

I  section  will  investigate  these  possibilites  in  further  detail.  Due  to  tha  aimul- 

|  taneous  removal  of  toxin  sensitivity  and  reduced  single  channal  conductance,  tha 

|  results  in  this  section  daaonatrata  a  link  between  the  ion  paraaation  process 

i  and  the  toxin  binding  and  blocking  site. 


Extracellular  calcium  and  single  aodiua  channel  currents 

When  calciua  was  added  to  the  extracellular  surface  of  a  sodiua  channel 
incorporated  into  a  planar  lipid  bi layer,  the  single  channel  current  was  reduced 
in  a  voltage-dependent  Banner.  These  results  suggest  that  calciua  iors  may  bind 
to  a  site  on  the  sodiua  channel,  which  is  either  located  approximately  23*  of 
the  electrical  distance  from  the  extracellular  surface  or  whose  affinity  for 
calcium  may  be  indirectly  influenced  by  changes  in  transaeabrane  voltage.  These 
results  are  in  agreement  with  previous  work  on  macroscopic  sodiua  currents  in 
frog  myelinated  nerve  (10)  and  on  single  channel  current  in  cultured  neurobias- 
tone  calls  (18)  The  following  section  will  present  a  aore  detailed  and  systema¬ 
tic  investigation  of  the  dependence  of  single  sodiua  channal  current  on  sodiua 
and  divalent  cation  concentrations. 


gflifilMR  «a£  §11:  a  cgo^mugn  ftl ia* 

It  has  been  suggested  that  STX  and  TTX  act  by  plugging  the  sodiua  channel, 
with  the  guanidiniu**  group  entering  the  mouth  of  the  channel,  preventing  ions  to 
pass.  Since  guanidiniua  peraeates  the  sodiua  channel,  this  model  appears  attrac¬ 
tive  and  links  toxin  block  with  ion  peraeation.  In  this  section,  calciua  was 
found  to  compete  for  STX  block  of  sodiua  channels  incorporated  into  a  bilayer  as 
illustrated  in  Table  2.  The  on  (blocking)  rate  for  STX  was  found  to  be  decreased 
in  the  presence  of  calciua,  as  would  be  predicted  froa  simple  coapetition. 
However,  apparent  competitive  interactions  can  be  sore  complex  and  it  aay  be 
that  calciua  introduces  an  unfavorable  steric  or  charge  factor,  perhaps  at  some 
secondary  location,  which  would  reduce  STX  binding.  Although  the  exact  origin  of 
the  calcium  effect  is  unknown,  the  apparent  Kq  for  STX  Mock  was  increased  about 
7  fold  in  the  presence  of  calciua,  as  determined  froa  both  steady  state  and 
kinetic  enelysis.  A  5-6  fold  increase  was  found  for  3H-STX  binding  under  similar 
conditions.  In  addition,  as  will  be  deaonstrstad  in  the  following  section, 
sodiua  also  coapetes  with  calciua  to  relieve  block  of  single  channel  current. 
These  results  suggest  that  calciua  and  sodiua  coapetitively  inhibit  STX  binding 
end  block,  perhaps  by  interacting  at  the  ssae  site. 

TRO  aodification  caused  the  sodiua  channel  to  become  insensitive  to  toxin 
blockade  and  reduced  the  single  channel  conductance.  Prevention  of  chaeical 
aodification  by  STX,  suggests  that  the  cheaieally  modified  site  is  the  toxin 
binding  or  blocking  site.  In  fact,  the  ability  of  STX  to  protect  against  TRO 
modification  can  be  directly  related  to  its  intrinsic  affinity  for  that  site  as 
shown  in  Figure  8.  The  concentration  of  STX  required  to  prevent  half  of  the  STX 
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binding  sites  from  being  modified  was  about  3  nM,  which  is  higher  than  the  Xj 
for  3H-STX  binding  (about  1  nM) .  Presumably,  this  say  reflect  the  asount  of  time 
the  aodification  reagent  is  active.  In  the  presence  of  1  nM  STX,  on  the  average, 
half  of  the  sites  would  be  occupied  by  STX.  However,  since  TMO  is  active  for 
longer  than  the  scan  bound  tiae  (l/dlasociation  rate),  STX  will  dissociate  fro* 
some  of  the  blocked  sites,  thereby  rendering  more  of  the*  accessible  to  chemical 
modification.  A  similar  concentration-dependent  protection  of  the  STX  binding 
site  was  observed  when  calcium,  instead  of  STX,  was  pzuaent  (Figure  8).  The 
estimated  Ki  for  calcium  blockade  of  single  channel  currents  was  found  to  be 
between  2-9  mM  (Table  3);  5  *M  calcium  was  able  to  prevent  half  the  sites 
from  being  modified  by  TMO.  Calcium,  a  low  affinity  blocker,  binds  and  unbinds 
at  a  very  fast  rate  so  that  the  Xi  for  current  reduction  by  calcium  reflects  the 
average  time  e  sodium  channel  is  occupied  by  the  divalent  cation.  Due  to  the 
nature  of  calcium  block,  there  may  be,  in  fact,  less  than  50k  of  the  sites 
available  for  modification  at  the  Ki  for  calcium  block.  Although  experiments 
were  performed  under  very  different  conditions  there  is  close  agreement  between 
the  sensitivity  of  calcium  block  of  single  channel  curents  and  calcium  protec¬ 
tion  from  TMO  modification  of  the  3H-STX  binding  sit*  by  calcium  binding. 

Although  an  apparent  complete  loss  of  toxin  binding  and  block  is  observed 
after  chamical  aodification,  some  reduction  in  currant  is  seen  in  the  presence 
of  calcium.  Therefor*,  toxin  binding  appears  to  be  lost  but  the  effacts  of 
calcium  may  still  be  present.  This  could  be  attributed  to  differences  between 
the  nature  of  a  high  affinity  and  low  affinity  site.  Toxin  binding  is  extraor¬ 
dinarily  sensitive  to  alterations  in  STX  and  TTX  structure,  indicating  that  the 
conformation  of  moat  regions  of  these  molecules  are  important  for  their  action. 
This  suggests  that  there  is  a  complex  interaction  between  the  toxin  molecule  and 
its  receptor.  Therefore,  chemical  aodification  of  one  or  uora  of  these  groups 
(sites)  on  the  channal  protein,  or  on  the  toxin  molecules,  would  have  drastic 
effects  on  the  affinity  for  toxins.  However,  complicated  interactions  would  not 
be  expected  for  calcium,  a  point  charge  which  would  Interact  with  a  more  re¬ 
stricted  region  of  th*  protein.  Therefore,  if  TMO  is  responsible  for  decreasing 
the  affinity  of  these  sites  for  calcium,  then  adding  large  amounts  of  calcium  or 
STX  may  produc*  alterations  in  the  single  channel  currants  expected  for  very  low 
affinity  blockers. 

TMO  modification  was  also  found  to  drastically  reduce  calcium  block  of 
sodium  ion  permeation  through  sodium  channels  (Tlgur*  9).  Under  identical  ionic 
conditions,  calcium  blocked  unmodified  single  sodium  channel  currents  in  a 
voltage-dependent  mannar,  but  had  very  little  influence  on  a  TMO  modified  chan¬ 
nel.  At  present  two  possibilities  exist:  1)  th*  affinity  for  the  calcium  binding 
site  (or  toxin  binding  site)  is  drastically  reduced  (from  18  mM  to  over  200  aN 
at  0  mV)  or  2)  the  voltage-dependent  behavior  of  the  site  is  altered  by  TMO 
modification.  By  increasing  the  extracellular  calcium  concentration  to  50-100 
mM,  one  would  be  able  to  construct  a  current-voltage  relationship  to  investigate 
whether  th*  divalent  cation  induced  reduction  in  single  channel  current  of  a  TH0 
modified  channel  is  voltage-dependent  or  voltage-independent..  It  is  concluded 
that  calcium  binds  to  a  sit*  located  on  th*  extracellular  surface,  which  is  a 
site  intimately  involved  in  toxin  binding  and  block.  This  site,  or  region  of  th* 
channel  protein,  can  also  bind  sodium  and  is  a  necessary  step  in  th*  movement  or 
passage  of  sodium  ions  through  th*  sodium  channel  pore. 


F.  Block  of  Sodiua  Channels  by  Calcium  -  Ef facta  of  divalant  cations  and  aea- 
ana  surface  charge  on  ion  peraeation  through  aodiua  channels  froa  rat  brain. 

Ion  transport  across  biological  aeabranea  may  be  influenced  by  an  electro¬ 
static  potential  difference  at  the  interface  between  the  aeabrane  and  aqueous 
solution. These  surface  potentials  nay  result  froa  fixed  charges  located  on 
proteins  which  are  either  closely  associated  with,  or  la bedded  into  the  cell 
aeabrane.  or  froa  the  presence  of  aeabrane  lipids  with  cationic  or  anionic  head 
groups.  These  fixed  charges  would  tend  to  deplete  ions  of  the  ease  charge  and 
concentrate  counterions  of  opposite  charge  near  the  aeabrane  surface.  In  plasaa 
aeabranea  cf  a any  aaaaalisn  cells,  phosphatidylaerlne  (FS>  is  the  predoainent 
negatively  charged  lipid.  The  purpose  of  this  study  is  to  investigate  the  role 
of  aeabrane  surface  charge  and  divalent  cations  on  the  aoveaent  of  sodiua 
through  open  sodiua  channels. 

BTX-sctivated  sodiua  channels  froa  rat  brain  were  incorporated  into  pre- 
foraed  bi layers.  Both  PE  and  70S  PS/30*  PE  aeabranea  were  eaployed  and  channel 
incorporation  occurred  readily  in  either  type  of  bilayer.  The  surface  charge 
density  was  aeasured  for  both  neutral  and  negatively  charged  aeabranea:  PE 
aeabranea  posse sa  little,  if  any,  aeabrane  surface  charge  (about  0.06  charges/ 
headgroup)  while  70*  PS  aeabnnea  have  a  high  suriace  charge  density  (about  0.6 
chsrgea/hesdgroup) . 


1.  YtrUUofl  Si  finals  Sbfnnal  conductance  With  sodiua  concentration 

The  conductance  of  the  sodiua  channel  was  deterained  froa  the  size  of 
unitary  current  fluctuations  in  the  presence  of  varying  concentrations  of 
aodiua.  Single  sodiua  channels  were  incorporated  into  e  preforaed  bi layer  coa- 
poaed  of  PE.  a  neutral  phoanhollpid.  Figure  11  illustrates  the  variation  of 
single  channel  current  as  the  aodiua  ion  concentration  on  both  sides  of  the 
bi  layer  aeabrane  was  altered.  In  the  presence  of  1.0  N  aodiua  on  both  sides  of 
the  aeabrane  and  leas  than  100  nN  divalents,  the  single  channel  current  was 
about  1.9  pA  at  -60  aV.  When  the  sodiua  ion  concentration  was  reduced  to  0.5  M, 
the  single  channel  currrent  was  about  l.B  pA.  As  sodiua  was  further  reduced,  to 
0.025  H,  the  single  channel  current  decreased  to  about  0.7  pA.  This  aeabrane 
contained  two  sodiua  channels  and  s  snail  amount  of  STX  (1  nH>  present  on  the 
extracellular  side  to  induce  discrete  single  channel  current  fluctuations  to  the 
closed  or  blocked  state.  This  aaneuver  will  be  used  throughout  this  chapter  as  a 
tocl  to  accurately  deteraine  the  magnitude  of  the  single  channel  current. 

With  ayaaatrical  aodiua,  the  current-voltage  relationship  was  linear  over 
the  entire  voltage  range  studied  (*90  aV>  as  shorn  in  Figure  12.  These  channels 
are  ohaic,  displaying  no  current  rectification,  indicating  syaaetry  of  the 
sodiua  channel  protein  with  respect  to  ion  peraeation.  The  single  channel  con¬ 
ductance  for  a  sodiua  channel  Incorporated  into  a  neutral  bi layer  bsthad  by 
syaaetric  500  aN  sodiua  is  26.9  pS  while,  it  is  12.7  pS  when  the  sodiua  ion 
concentration  is  decreased  to  25  aN.  In  both  cases,  sodiua  was  the  only  mono¬ 
valent  cation  present,  with  less  than  100  nN  divalent  cations. 

Figure  13A  illustrates  the  variation  of  the  single  sodiua  channel  conduc¬ 
tance  in  neutral  and  negatively  charged  aeabranea  as  the  sodiua  ion  concentra¬ 
tion  on  both  sides  of  the  bi layer  aeabrane  was  altered.  In  neutral  aeabranea 
(PE>,  the  single  ehennel  conductance  dieplaye  alaple  saturation  behavior  dea- 
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Figure  11.  Single  BTX-act lvated  sodlua  channel  current  fluctuation*.  Sodlua 
channels  froa  rat  brain  were  incorporated  into  neutral  <PE>  aeabranes.  The 
aolutiona  contained  ayaaetrlcal  1.0  M,  or  0.5  H,  or  0.025  H  NaCl  and  less  than 
100  nN  divalent  cations.  The  potential  in  each  experiaent  was  held  at  -60  aV.  In 
these  records  upward  current  fluctuations  represent  channel  closingo  and  the 
zero  current  levels  are  indicated  by  the  arrows.  The  jeabrane  at  the  bottoa  of 
the  figure  contains  two  sodlua  channels  and  a  saall  aaount  of  STX  is  present  on 
the  extracellular  side.  These  records  were  filtered  at  150  Hz. 
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Figure  12.  Open  chennel  current-voltage  relationship  in  neutral  aeebranea. 
Sodiue  channels  were  incorporated  into  neutral  aeabranea  bathed  by  ayaaetrical 
25  »N  NeCl  (open  circles)  or  500  aH  MaCl  (closed  circles)  and  leas  than  100  nN 
divalent  cations.  Single  chennel  currants  were  aeasured  at  the  indicated  poten¬ 
tials.  Tho  data  points  represent  naan  *  SEN  froa  7  to  16  aeabranea.  The  single 
chennel  conductances  calculated  froa  these  linear  relationships  were  12.7  *  0.2 
pS  for  23  aH  sodiua  end  26.9  *  0.7  pS  in  the  presence  of  500  aH  sodiua. 
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Figure  13A .  Single  channel  conductance  aa  a  function  of  the  aodiua  ton 
concentration.  Single  channel  conductance-concentration  relationship  for 
neutral  (closed  circles)  and  negatively  charged  (open  circles)  aeabranes.  Each 
point  represents  the  slope  of  linear  currant  voltage  relationships,  as  illus¬ 
trated  In  Figure  12,  for  aodiua  channels  at  the  Indicated  sodlus  concentration 
on  both  sides  of  the  seabrane  (less  than  100  nN  divalent  cations).  In  neutrsl 
and  negatively  charged  seabranea  the  conductance  can  be  described  by  s  rectangu¬ 
lar  hyperbola.  The  data  at  each  point  ess  deteralned  froa  3  to  30  aeabranes. 
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I 

cribad  by  the  following  relationship:  j 

I 

G  -  Gmi  •  WaJ  /  <  IHeJ  *  K.)  ....  (3>  | 

whoro  G  is  tho  sossursd  singlo  channol  conductancs,  GMX  is  tho  aaxiaua  conduc-  | 

tanca,  and  K«  is  tha  spparant  dissocistion  constant  for  sodius.  Sodiua  channals  j 

lncorporatsd  into  nsgativaly  charged  aaabranas  (70XPS)  display  a  similar  satura-  I 

tion  bahavior  which  is  also  wall  dascribad  by  a  ractangular  hyparbola  (aquation  ] 

3).  In  nagstivaly  chargad  (70s  PS)  aaabranas.  tha  opan  singla  channal  currant 
wcs  also  ohaic  ovar  tha  voltaga  ranga  studiad.  Tha  Scatehard  plots  of  thasa  | 

raaulta  illustratad  in  Figura  13B  show  that  this  siapla  ona  ion.  ona  sita 
ralationship  holds  ovar  tha  antira  sodiua  coacantratioa  ranga  studiad  and  that  a 
ractangular  hyparbola  accurately  describee  tha  variation  in  singla  channal 
conductance  with  ayaaetrlc  sodiua  for  singla  sodiua  channels  in  nautrsl  and 
nagstivaly  chargad  seabranes.  In  both  saabrana  types,  tha  singla  channal  conduc¬ 
tance  appears  to  saturate  between  31  and  32  pS  in  the  presence  of  lass  than  100 
nN  divalent  cations.  Froa  close  axaaination  of  tha  Scatehard  plots,  tha  single 
channal  conductance  appears  not  to  coapletely  saturate  but  continues  to  in¬ 
crease.  suggesting  either  that  aora  than  ona  ion  can  occupy  tha  channal  only 
under  axtraaa  ionic  conditions.  In  addition  to  saturation  of  tha  singla  channal 
conductance,  a  sasll  shift  in  half  asxiasl  conductance  was  observed  as  tha 
bilayar  aeabrane  was  altered.  In  neutral  aaabranas,  the  K*  for  sodiua  is  37  aH, 
while  in  negatively  chargad  bi layers  tha  K»  is  23  aR  sodiua. 


2.  Block  br  dliitunt  dlTllial  Cf&loni  la  svasetrlcsl  SflstlUE 

Whan  divalent  cations  are  present  in  tha  intracellular  and  extracellular 
solutions,  a  sodiua  channal  becoaes  aayaaatric  in  its  ability  to  pass  inward  and 
outward  currant.  Figure  14A  Illustrates  tha  affects  of  addition  of  thraa  differ¬ 
ent  divalent  cations  on  single  sodiua  channal  currants  with  synaetrical  123  aH 
sodiua.  Divalent  cations  ware  added  to  both  sides  of  singla  sodiua  channals 
incorporated  into  bilayar  aaabranas  composed  of  neutral  phospholipids  (PE>  to 
ainiaize  alterations  in  aeabrane  surface  charge.  Singla  channal  currant  records 
ware  collected  in  tha  presence  of  low  aao'inta  of  STX  (1-3  nH>  to  induce  discrete 
current  fluctuations.  Quite  independently  of  tha  type  of  divalent  cation  pre¬ 
sent,  there  was  a  greater  reduction  of  tha  single  channel  currant  at  negative 
potentials  (inward  sodiua  currant)  than  at  positive  potentials  (outward  sodiua 
currant).  Henganeae  was  tha  aost  potent  inhibitor  of  both  tha  inward  and  outward  i 

aovaaant  of  sodiua  through  sodiua  channals.  Hagnesiua  was  only  slightly  lass  ; 

potent  than  calciua;  both  divalants  reduced  tha  inward  and  outward  currant 
coaponeata. 

Tha  currant-voltage  ralationship  for  each  divalent  cation  is  shown  in  I 

Figura  14B.  In  tha  presence  of  divalent  cations,  there  is  a  characteristic  < 

asymmetric  currant-voltage  ralationahip.  Tha  sodiua  channal  appears  to  rectify,  j 

peaalng  outward  currant  far  aora  easily  than  inward  currant.  Block  of  inward 
currant  is  dependant  on  aeabrane  voltaga,  in  that  aa  ona  hyperpolarlzea  tha 
aeabrane  froa  -30  aV  to  -90  aV,  tha  aaount  of  currant  reduction  is  increased 

about  1.3  fold.  A  similar  voltaga -dependant  block  of  inward  currants  was  j 

reported  in  tha  previous  section  whan  only  extracellular  calciua  was  present.  | 

Also  each  of  thasa  divalent  cations  induced  a  voltaga-indapandant  reduction  of 
outward  currants  In  which  tha  currant-voltage  ralationship  for  positive  poten¬ 
tials  is  linasr.  For  calciua  and  strontlua,  tha  outward  currant  is  linear  whan 
aaasurad  up  to  140  aV  indicating  no  influence  of  voltage  on  tha  potency  of 
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Figura  13B .  Scatchard  plot*  of 
both  aata  of  data  to  tha  aaxiaua  co 
•lopa  indicating  a  changa  in  tha  ap 
coafficlant  waa  0.9«  for  aach  ion). 
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Figure  14A.  The  effects  of  different  divalent  cations  on  single  aodiua 
channel  currsnta.  Currant  fluctuations  wars  aaaaurad  at  60  and  -60  aV.  Each 
aaabrana  containad  a  aingla  aodiua  channal  incorporated  into  nautral  <PE>  aea- 
branaa  with  1?3  aN  XaCl  on  both  aides  of  the  aaabrana  and  a  low  concentration  of 
STX  (1-6  nH>  added  to  the  extracellular  aide.  Under  these  conditions,  single 
channel  currants  were  reduced  in  the  preaenca  of  10  aH  aagnasiua,  calciua,  or 
aanganese  on  both  sides  of  the  aeabrane.  The  closed,  or  STX  blocked,  non¬ 
conducting  state,  is  indicated  by  the  arrows.  In  the  aagnasiua  records  the  alow 
driit  in  the  current  is  due  to  the  decay  of  the  eapapeitative  current  following 
the  voltage  clasp  pulse. 
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Figure  14B.  Open  channel  current*voltage  relationships  for  single  channel 
seebranes  such  as  in  14A.  The  dashed  line  represents  the  control  in  which  the 
channels  were  bathed  by  123  sH  aodlua  solution  and  less  than  100  ne  divalent 
cations.  When  10  sH  sagnesius  (closed  triangles),  or  calcius  (closed  boxes)  or 
aanganese  (closed  circles)  was  added  to  both  sides  of  the  aeabrane,  the  single 
channel  currents  were  reduced  The  smooth  curves  were  drawn  by  eye. 
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currant  block 


Both  voltage-dependent  block  of  inward  currant  and  voltaga-independent 
block  of  outward  currant  aay  ba  aaan  aora  claarly  in  Figure  14C,  whara  tha 
fraction  of  currant  blockad  (Fb)  by  divalant  cationa  aa  datarainad  froa  tha 
following  ralationship  was  plottad  aa  a  function  of  voltaga: 

Fb  *  1  *  (If  /  Ifaf)  ....  (4) 

whara  Ia  ia  tha  aingla  channal  current  aeaaurad  froa  diacrata  currant  atepa  in 
tha  praaanca  of  tha  divalant  cation,  and  Iaax  1*  tha  aingla  channel  currant  atep 
prior  to  expoaure  to  divalenta.  Both  coaponenta  of  block  were  observed  *or 
aanganaaa,  aagnaaiua,  and  calciua  aa  ahown  in  Figure  14C.  At  poaitive  poten- 
tiala,  tha  fraction  of  outward  currant  reduced  by  tha  divalant  cation  ia  con* 
atant,  i.e. ,  independent  of  tha  applied  voltaga.  Tha  horizontal  linaa  drawn 
between  tha  data  pointa  on  Figure  14C  rapraacnt  tha  aaan  fraction  of  outward 
current  blocked  by  divalenta  at  poaitive  potentiala.  At  negative  voltagea,  there 
ia  an  obvloua  influence  of  the  tranaaenbrane  potential  on  the  aaount  of  divalent 
cation  induced  reduction  of  aingla  inward  aodiua  channal  currant.  The  saooth 
curves  at  negative  potentials  ware  datarainad  froa  tha  following  ralationship: 

Fb  ■  1  /  1  ♦  <K0/CHa2*]>  •  exp(zDFE/RT)  ....  (5) 


where  Fb  was  datarainad  froa  aquation  4,  K0  ia  tha  concentration  of  tha 
divalent  cation  (Ha2*)  which  givaa  half  aaxiaal  block,  z  is  tha  valance  of  tha 
blocker  aolecula,  D  is  tha  fraction  of  tha  aaabrana  field  sensed  by  tha  blocker, 
E  ia  tha  applied  voltaga,  and  R,  T,  and  F  have  their  usual  aeaninga.  The  data  at 
negative  potentiala  follow  a  Boltzaann  distribution  (equation  3)  and  fail  to 
describe  tha  voltaga* independent  block  of  outward  currant  by  each  divalent 
cation  at  positive  potentials.  In  addition,  tha  voltaga-indapandant  (horizontal 
relation)  block  at  positive  potentials  can  not  describe  the  voltaga-dapandent 
block  at  negative  potentials. 

Table  3  shows  the  relative  potencies  of  current  block  by  different  divalent 
cationa  for  the  voltage-independent  and  voltage-dependent  coaponents.  For  each 
divalent  cation  tested  tha  Ki  for  block  was  estimated  froa  tha  following  rela¬ 
tionship: 

Ki  «  (1-Fb-l)  •  CHe2*]  ....  (6) 

where  Fb  is  obtained  froa  equation  4  and  (Me2*}  is  the  divalent  cation  concen¬ 
tration.  For  the  voltage-independent  outward  currant  block,  tha  average  single 
channel  current  reduction  obtained  between  30  and  90  aV  was  uaad  to  deteraine 
tha  apparent  inhibition  constant  for  each  divalent  cation  listed  in  Table  3.  For 
voltaga-dapandent  block  of  inward  currants  at  negative  potentials  for  each 
divalant  cation  tha  values  in  Table  3  ware  obtained  froa  tha  non-linaar  least 
squares  fit  of  aquation  6  to  the  data.  Note  that  qualitatively  aiailar  voltaga 
dependence  is  observed  for  block  of  Inward  currant  by  aach  divalant  cation 
except  for  barium  (Table  3).  This  inconsistency  appears  to  raslda  in  the  lack  of 
fit  of  a  Boltzaann  distribution  (equation  5) ,  priaarily  due  to  tha  data  point  at 
-30  aV.  Whan  this  point  ia  oaittad,  D  becomes  approximately  12k  and  ia  close  to 
the  value  obtained  froa  other  divalenta.  Furthermore,  the  order  of  potency  of 
tha  divalent  cations  for  the  block  of  inward  currant  ia  tha  same  for  block  of 
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Figure  14C.  Fraction  of  currant  blocked  vs.  applied  potential  for  the  data 
in  B.  The  horizontal  lines  represent  the  average  fraction  of  currant  blocked  at 
positive  voltages  and  corresponds  to  the  voltage  independent  component  of  cal¬ 
cium  induced  outward  current  block.  The  smooth  curves  were  calculated  from  non¬ 
linear  least  squares  fit  of  a  Boltzmann  distribution  (equation  5)  to  the  data 
at  negative  voltages  with  the  following  parameters:  Magnesium,  K0  is  11.65  mM 
and  0  is  0.13;  Calcium,  K0  is  13.0  all  and  D  is  0.19  and;  Manganese,  K0  is  6.2  mM 
end  0  is  0.17.  The  dashed  l.'.nsa  were  drawn  to  connect  the  voltage-dependent  and 
voltage-dependent  components  of  divalent  cation  block,  and  indicates  the  range 
of  potentials  where  the  block  was  not  evaluated. 


outward  currant.  Thaaa  raaulta  suggest  a  aired,  apacific  intaraction  of  di- 
valant  cationa  for  a  site,  or  collection  of  sites,  cloaaly  aaaociatad  with 
aodiua  ion  paraaation  through  aodiua  channala  which  haa  tha  following  affinity 
sequence:  Hn2*>Ca2*>Hg2*>Sr2*>Ba2* . 


Tabla  3.  Effact  of  divalant  cationa  on  single  channai  curranta. 


Ki  Inward  currant  block 


Divalant  cation 

outward  current  block 

Ki(-80aV) 

D(*) 

Manganese 

7.9  aM 

1.2  aM 

16.6 

Calciua 

9.6  aH 

2.1  aH 

18.8 

Hagneaiua 

11.7  aH 

2.8  aH 

12.6 

Strontiua 

23.8  aH 

11.8  aH 

17.4 

Bariua 

30.9  aH 

19.8  aH 

6.5 

All  data  points  were 

obtainad  froa  2-6  aaabranaa.  The  Ki  for  outward 

currant  block  waa  obtainad  froa  tha  aaan  fractional  block  of  outward 
currant  at  poaitiva  potantiala  and  aquation  6.  Tha  parameters  for 
inward  currant  block  wara  firat  obtainad  froa  a  non-linear  laaat  squares 
fit  of  a  Boltzaann  diatribution  (aquation  5)  to  tha  fractional  block  of 
inward  currant  (nagativa  potantiala).  Than  tha  Ki  waa  datarainad  froa 
aquation  6.  Each  data  point*  for  tha  respective  divalant  cation*  waa 
within  0.002  and  0.02  (RH3  atandard  deviation)  froa  tha  baa*  fit  lina. 


3.  effect  qi  fljvalasl  cationa  uygygtEic 

Whan  tha  acdiua  concentration  waa  identical  on  both  aidaa  of  tha  aeabrane 
tha  aodiua  channw..  currant-voltage  ralationahip  waa  ohaic  (Figure  12). 

However*  tha  aodiua  channai  diaplaya  a  aaall  degree  of  apparent  currant  rectifi¬ 
cation  under  aore  physiological  ionic  conditiona  aa  ahown  in  Figure  15.  Sodiua 
channala  wara  incorporated  Into  neutral  (PE)  aaabranaa  with  125  aH  NaCl,  5  aH 
KC1  on  tha  extrr  .  »llular  aide  and  5  aH  NaCl,  125  aE  KC1  on  tha  Intracellular 
aide  and  the  div.-vnt  cation  concantration  oa  both  aidea  waa  below  100  nH.  Tha 
alope  of  tha  currcnt-voltaga  ralationahip  at  potantiala  aora  negative  than  -60 
aV  indicataa  a  aingla  channai  conductanca  for  inward  currant  of  about  19  pS. 

With  ayaaetric  aodiua  (125  aH)  with  no  potaaaiua  preaant*  tha  aingla  channel 
conductanca  waa  24  pS.  Whan  2  or  10  aH  celciua  waa  added  to  tha  extracellular 
aide*  tha  inward  aingla  channai  currant  waa  reduced.  Tha  influence  of  tranaaea- 
brane  voltage  on  reduction  of  inward  aodiua  ion  aoveaent  ia  nearly  identical  to 
that  found  for  ayaaetric  aodiua  conditiona.  For  10  aH  calciua  there  ia  about  a 
46*  reduction  in  inward  currant  at  -30  aV  and  74*  reduction  at  -90  aV.  Froa 
aquation  5,  tha  reduction  of  outward  curranta  ia  equivalent  to  calciua  aanaing 
about  27*  of  tha  tranaaeabrane  field  (K0S17.8  aH  calciua).  Thia  indicataa  that 
under  different  ionic  conditiona*  aayaaatric  va  ayaaetric  aodiua*  tha  charac- 
tariatic  voltage  dependence  of  calciua  block  of  Inward  aingla  channel  currant  ia 
aiailar  and  ia  in  cloae  agraaaant  with  that  found  by  other  invaatigatora  (10, 
18).  In  addition,  phyalological  concantratioaa  of  extracellular  calciua  (2  aH) 
can  raduca  tha  aingla  channai  current  in  a  voltage -dependant  aannar  aa  illus¬ 
trated  in  Figure  IS.  Tha  inward  currant  la  reduced  by  about  20*  at  -40  aV  and  by 
44*  at  -90  aV.  Therefore,  near  tha  noraal  r eating  and  threahold  potantiala, 
under  "physiological"  ionic  conditiona,  tha  aingla  aodiua  channai  currant  la 
significantly  reduced  by  extracellular  divalent  cations. 


10  mM  Ca++ 
2  mM  Ca++ 


Figure  15.  Single  channel  currents  under  stylized  "physiological”  conai- 
tions.  Open  single  channel  current-voltage  relationships  for  sodius  channels 
incorporated  into  neutral  aeabranas  with  125  sN  sodius,  5  mM  potassium  on  the 
extracellular  side  and  5  sH  sod,' us,  125  *K  potassium  on  the  intracellular  side 
and  less  than  100  nH  calcium  '  >pen  circles;  n*9> .  Under  these  stylized  cellular 
ionic  conditions,  reduction  of  the  single  channel  current  is  observed  after  the 
addition  of  2  mH  (closed  circles)  or  10  mM  (closed  trienglee)  calcium  to  the 
extracellular  side.  Each  point  represents  the  mesne  »SEM  from  2-4  aesbranea.  The 
smooth  curves  were  drawn  by  eye. 


4.  Effect  si  WAMUIC  calciua  2fl.  SlUfi£ 


Besides  reducing  tha  single  channal  currant,  extracellular  divalant  cationa 
hava  baan  shown  to  influanca  tha  kinetic  bahavior  of  tha  opan  and  closed  atataa 
of  tha  aodiua  channal  (19).  Figure  16  shown  tha  af facta  of  altarlng  tha  divalant 
cation  concantration  on  tha  axtracallular  aida  of  tha  aodiua  channal.  Sodiua 
channala  wore  incorporatad  into  nautral  (PE)  aaabranaa  with  250  ah  aodiua  on 
both  aidaa.  Whan  10  aM  calciua  waa  addad  only  to  tha  axtracallular  aida,  tha 
aingla  channal  currant  waa  raducad  (42*)  and  tha  channal  apant  aora  of  ita  tiaa 
in  tha  cloaad  atata.  As  tha  axtracallular  calciua  waa  doublad  tha  aingla  channal 
currant  la  furthar  raducad  (59*) ,  tha  channala  apant  an  lncraaaing  aaount  of 
tiaa  in  tha  cloaad  atata  and  tha  ahift  of  tha  activation  curva  to  aora  dapol- 
arizad  potantiala  bacoaaa  aora  draaatic.  Thia  ia  conaiatant  with  tha  raaulta  by 
othar  invaatigatora  in  that  axtracallular  divalanta  producad  shifts  in  tha  curva 
that  ralataa  aodiua  channal  activation  to  aaabrana  voltaga.  Whan  divalanta  wara 
addad  to  tha  intracellular  aida,  at  a  concantration  to  aqual  that  on  tha  extra¬ 
cellular  aide,  tha  reduction  in  currant  raaainad  (about  59*)  but  tha  apparent 
ahift  in  tha  activation  curva  waa  aliainated,  praauaably  by  reaoving  eayaaetrlea 
in  aaabrana  aurf aca  charge  producad  by  aayaaetric  divalanta.  Tha  aaount  of 
currant  reduction  in  tha  praaanca  of  20  aR  extracellular  calciua  waa  a  la  oat 
identical  to  tha  currant  block  whan  tha  calciua  concantration  waa  20  aH  on  both 
aidaa  of  the  bilayar.  Theaa  raaulta  indicate  that  there  era  charged  groups  on 
tha  intracellular  surface  of  tha  channal  which  aay  influanca  tha  gating  aachin- 
ary. 


5.  E&CSS&.  si  salslva  9 a  single  channal  currant  yjvjauL  noraallv  saturating 
conditions. 

In  addition  to  tha  influanca  of  voltage,  tha  block  of  tha  single  channal 
currant  by  divalant  cationa  ia  concentration-dependent.  Figure  17A  shows  currant 
fluctuations  in  tha  praaanca  of  tha  indicated  concantration  of  calciua  added  to 
both  aides  of  a  aingla  sodiua  channal  Incorporatad  into  a  nautral  aaabrana  with 
syaaetricel  250  aM  aodiua.  Aa  tha  concantration  of  calciua  ia  increased,  tha 
aaount  of  currant  reduction  or  blockade  of  inward  and  outward  currant  ia  in¬ 
creased  .  Aa  shown  in  Figure  14,  for  each  calciua  concantration,  there  la  a 
greater  reduction  of  single  channal  currant  at  negative  potentials  than  at 
positive  potantiala. 

Tha  currant-voltage  relationship  for  each  calciua  concantration  ia  shown  in 
Figure  17B.  Tha  influanca  of  voltaga  on  divalant  cation  block  of  both  inward  and 
outward  currant  appears  to  be  independent  of  tha  calciua  concantration.  At  aach 
calciua  . ...castration,  tha  aingla  channal  currant  displays  rectification;  out¬ 
ward  currant  ia  greater  than  inward  current  under  sysaetrlcal  conditions. 


Separation  of  voltage -dependant  block  of  inward  currant  and  voltage-inde¬ 
pendent  block  of  outward  currant  can  bo  aora  clearly  illustrated  in  Flgura  17C, 
where  tha  fraction  of  currant  blocked  (dataralnad  froa  aquation  4)  is  plotted 
aa  a  function  of  voltaga.  Aa  tha  concantration  of  calciua  ia  increased,  tha 
aingla  channal  currant  ia  raducad  and  the  influence  of  voitage  rename  unal¬ 
tered.  Tha  lines  in  tha  figure  wara  dataralnad  froa  aquation  5  aa  described  for 
Figure  14C.  At  positive  potantiala,  tha  horizontal  lines  are  calculated  froa  tha 
sean  currant  block  for  tha  voltage -independent  coaponent.  Tha  saooth  curves  at 
negative  potantiala  wara  obtained  froa  a  Boltzaenn  distribution  (aquation  5) 
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Figura  16.  Influanca  of  calclua  on  aodiua  channai  gating.  Two  aodiua  chan* 
nala  wara  incorporatad  into  nautral  (PE)  aaabranaa  hathad  by  ayaaatrical  250  ad 
aodiua.  At  *80  aV  tha  channai  waa  opan  for  aora  than  85k  of  tha  tiaa  (in  tha 
praaanca  of  BTX>.  Whan  10  aH  calclua  ia  addad  to  tha  axtracallular  aida  tha 
aingla  channai  currants  ara  raducad  and  tha  channals  spand  an  incraaaing  aaount 
of  tiaa  in  tha  cloaad  atata.  Incraaaing  calclua  to  20  aH  furthar  raducas  aingla 
channai  currants  and  incraaaas  tha  tiaa  tha  channai  apanda  in  tha  cloaad  atata. 
Whan  tha  calclua  concantratlon  is  aqualizad  by  tha  addition  of  20  aH  calclua  to 
tha  intracallular  aida,  tha  aingla  channai  currant  raduction  raaaina  unaltar ad, 
howavar  tha  channai  is  naarly  alwaya  opan  as  prior  to  calclua  addition. 
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Figure  17A.  Single  aodlua  channel  currant  fluctuatlona  in  the  preaence  of 
lncreeelng  concantrationa  of  calclua  on  both  aidea  of  the  bilayar.  Single  aodlua 
channel a  vara  Incorporated  into  neutral  (PE)  bilayera  with  ayaaatrlcal  250  ah 
aodlua  and  a  low  concentration  of  STX  (2-5  nH>  on  the  extracellular  aide.  The 
current  recorda  ahown  were  taken  at  60  and  -60  aV*  the  cloaad  atatee  are  Indi¬ 
cated  by  the  arrowe. 
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Figure  176.  Open  channel  current- voltage  relationahip  for  aodiua  channels 
under  conditions  identical  to  those  in  A  in  the  absence  of  divelents  (dashed 
line)  or  in  the  presence  of  3  sK  calelua  (closed  triangles),  20  sM  calcius 
(closed  boxes),  or  40  sN  calcius  (closed  circles)  on  both  sides  of  the  sesbrane 
Each  point  represents  the  aeans  ♦  SEA  obtained  from  2-8  sesbranes.  The  saooth 
curves  were  drawn  >y  eye. 
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>  Flgura  17C.  Fraction  of  currant  blockad  va.  potantlal.  Tha  data  wara  ob- 

jtainad  froa  B  and  tha  llnaa  wara  drawn  aa  daacrlbad  for  Flgura  14.  Tha  para- 

aatara  for  tha  Boltzaann  diatlbution  ara  aa  followa:  For  40  aM  calciua  tha  K0  i 
J  62.7  aM  and  0  la  0.27j  for  20  aM  calciua  tha  Ko  ia  27.9  «M  and  D  la  0.16  and: 

r  for  5  aM  calciua  tha  Mo  la  27. B  aM  and  D  ia  0.22.  Aa  daacrlbad  bafora.  tha 

J  daahad  Una  indicataa  tha  ranga  of  potantiala  whara  Fb  waa  not  avaluatad. 
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•ad  represents  th«  voltage-dependant  component  of  divalent  cation  block  of 
sodiua  ion  lovtawit  through  single  sodiua  channels. 

Figura  Id  illuatrataa  the  saturating  bahavior  of  divalent  cation  block. 
Figure  18A  is  a  plot  of  tha  fraction  of  currant  blocked  aa  a  function  of  tha 
calclua  concentration  (symmetric)  at  90  and  -90  aV.  Mote  the  saturating  behavior 
of  both  inward  and  outward  currant  block.  Tha  saooth  curves  were  drawn  froa  the 
following  relationship: 

Fb  »  <Fb,ax  *  CCa2*] >  j  ( ICa2*l  ♦  Ki>  ....  (7) 

where  Fb  is  the  fraction  of  currant  blocked  obtained  froa  equation  4,  Fbmax  is 
the  theoretical  maximum  blockable  currant,  CCa2» ]  is  the  free  calclua  concentra¬ 
tion  on  both  sides  of  tha  incorporated  sodiua  channel,  and  la  the  apparent 
inhibition  constant  for  calclua  block.  Froa  tha  double  reciprocal  plots  in 
Figure  18B,  divalent  cation  block  appaars  to  saturate  for  both  the  voltaga- 
independent  (90  aV)  and  voltaga-dapendant  (90  aV)  coaponants.  Furtharaora, 
because  of  tha  close  fit  of  aquation  7,  the  dsta  suggest  that  ona  calclua  ion 
interacts  with  each  sodiua  channel  to  block  the  aovaaent  of  sodiua  through  its 
pore.  The  X-intarcept  or  apparent  calclua  affinity  for  currant  block  is  differ¬ 
ent  for  each  potential.  Tha  Xi  for  calclua  is  4.4  aH  at  -90  aV  and  9.8  aN  at  90 
aV.  In  addition,  the  Y-intercept  or  Fb«ax  changes  with  potential  (see  below). 

Table  4  lists  the  Ki  and  Fbx«x  for  calclua  block  at  oach  potential,  deter- 
ained  froa  Scatchard  plots  of  tha  data  in  Figure  18.  The  applied  voltage  appears 
to  reduce  the  apparent  Ki  for  calclua  for  Inward  current  (4.4-10.3  aN)  and  haa  a 
saallar  Influence  on  calclua  affinity  of  outward  currant  reduction  (8. 4-9. 8  aN). 
In  fact,  the  effect  of  voltage  on  the  calclua  affinity  for  reduction  of  the 
outward  currant  is  negligible,  if  one  oalts  the  90  aV  deteraination  (8. 4-7. 4 
aH).  Although  the  current -voltage  relationship  for  positive  potentials  provides 
no  indication  of  non-linearity,  i.e.,  block  of  outward  current  appears  to  be 
voltage-independent,  there  appears  to  be  a  saall  influence  of  voltage  on  the  Ki 
and  Fb*ax,  the  parameters  deteralned  froa  data  transforaationa.  By  close  inspec¬ 
tion  of  these  parameters  at  90  aV,  not  only  does  the  Ki  increase  but  the  Fba«x 
increases,  suggesting  a  possible  interaction  between  the  two  parameters  which, 
at  present,  cannot  be  explained.  For  inward  currant  block  by  calclua,  the  appar¬ 
ent  voltage  dependence  was  deteralned  froa  the  following  equation  which  is 
derived  froa  the  Boltzaann  distribution  (aquation  5): 

Ki(E)  •  K0exp(zDFE/RT)  ....  (8) 

where  E  la  the  applied  potential,  z  is  tha  valanea  of  tha  blocking  ion,  D  is  tha 
fraction  of  voltage  sensed  by  tha  blocking  ion,  Ko  la  tha  apparent  affinity 
constant  for  the  divalent  cation  blocker  at  0  aV,  and  R,  T,  and  F  have  their 
usual  meanings  (10).  The  distribution  of  tha  apparent  inhibition  constant  (K^) 
for  calclua  at  negative  voltages  (l.a.,  inward  currant  block)  indicates  that  tha 
site  of  calclua  action  is  located  about  28k  of  the  electric  field  froa  the 
extracellular  side.  In  addition,  Fba«x  1*  influenced  by  the  applied  voltage. 
While  positive  voltages  appear  to  hsva  a  saall  Influence  on  the  aaxiaua  current 
reduction  by  calclua,  at  negative  voltages  the  aaxiaua  Fb  approaches  one.  Quali¬ 
tatively  alailar  results  were  observed  by  strontium  block  of  inward  and  outward 
currants  (data  not  shown).  However,  the  Ki  for  strontiua  (10.9  aH  at  -80  aV)  is 
higher  than  calclua,  reflecting  its  lower  affinity. 
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Figure  1 6k.  Saturation  of  current  block  by  ayaaetrical  eelciue  in  the 
presence  of  250  nil  eodiue.  Plot  of  the  fraction  of  current  blocked  at  90  and  -90 
■V  at  the  indicated  celclua  concentrations.  The  data  ware  obtained  froa  current- 
voltage  relationships  like  those  of  figure  17®.  The  curves  were  calculated  as 
described  in  the  test,  end  the  persseters  were  obtained  from  Tsble  4. 
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Figure  18B.  Double  reciprocal  plot  of  the  date  in  A.  Note 
the  apparent  inhibition  conatant  aa  ehovn  by  the  difference  in 


the  changea  m 
the  x- intercept. 
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Table  4.  Ki  and  Fb|U  for  caiciua  block  with  symmetrical  290  ad  sodiua 


Voltage 

(aV> 

Ki(ad) 

Fbaax 

Voltage 

(aV> 

Ki(sd) 

Fbaax 

-30 

10.3 

0.76 

30 

6.4 

0.99 

-60 

6.7 

0.78 

60 

6.6 

0.99 

-70 

7.2 

0.86 

70 

7.3 

0.63 

-80 

4.6 

0.81 

80 

7.4 

0.62 

SC 

4.4 

O.6o 

90 

9.8 

0.71 

Valuoa  wara  obtained  froa  Scatchard  analysis  of  data  froa  thosa  of 
Figure  Id*.  Tha  correlation  coafficiant  for  tha  linear  regression  lines 
ranged  between  0.90  to  0.99  and  each  point  represents  data  collected 
froa  3-6  aeabranes. 


6.  Effects  si  caiciua  at  BSIlftUX  non-saturating  sodium  concentrations. 

Similar  affects  of  caiciua  are  observed  at  sodium  concentrations  where  the 
single  channel  conductance  is  not  saturated.  Figure  19  is  a  plot  of  fractional 
blocked  current  <Fb)  vs  syaaetric  calcium  addition  at  90  and  -90  mV,  under  the 
saae  conditions  as  Figures  17  and  18*  except  that  the  sodiua  concentration  has 
been  reduced  to  79  ad.  The  smooth  curves  were  drawn  froa  equation  16.  Under 
these  conditions,  the  reduction  in  single  channel  current  displays  saturating 
behavior  aiallar  to  that  observed  with  symmetric  290  ad  sodiua.  Similar  changes 
in  the  Ki  for  caiciua  and  Fblax  with  applied  potential  were  observed,  however , 
the  epperent  inhibition  constant  for  calcium  block  is  higher  than  that  at  290  ad 
sodiua.  Fbga*  at  negative  potentials  (inward  current  block)  varied  between  0.71 
at  -30  bV  to  0.89  at  -90  mV,  while  at  positive  potentials  (outward  current 
block)  it  was  between  0.60-0.69.  The  apparent  inhibition  constant  (Xi>  for 
calcium  fo*  block  of  inward  current  was  between  1.2  md  at  -30  nV  and  0.47  md  at 
-90  aV.  For  outward  current  block,  the  Xj,  was  between  1.2  and  1.6  md  calcium. 
Under  identical  conditions,  with  the  addition  of  strontiua  as  the  divalent 
cation  blocker,  aiallar  alterations  in  the  K}  for  strontiua  and  Fbaex  ware 
observed  with  voltage.  However,  the  absolute  values  of  the  Ki  for  strontiua  (2.7 
ad  at  -60  mV)  are  higher  due  to  strontium's  lower  blocking  affinity.  Further¬ 
more,  the  Ki  for  strontiua  at  290  ad  sodiua  is  higher  than  at  79  ad  sodiua. 

These  results  suggest  coapatition  between  the  divalent  blocker  and  sodium  (the 
peraeating  ion). 


7.  CoepftUUgn  fejlattn  Sllfilllfl  «nl  sodium. 

The  following  illustrates  competition  between  the  divalent  cation  and  the 
peraeeting  ton.  Figure  19  showa  the  fraction  of  currant  blocked  by  symmetric 
addition  of  10  ad  caiciua,  as  the  sodium  ion  concentration  on  both  sides  of  a 
neutral  (PS)  aeabrane  is  altered.  As  the  sodiua  ion  concentration  is  decreased 
froa  790  to  79  ad,  the  fraction  of  current  blocked  becomes  greater.  However,  the 
voltage-dependent  and  voltage-independent  cosponents  of  block  are  still  evident. 
The  lines  in  Figure  20  were  calculated  as  described  above  for  Figures  14C  wnd 
17C:  at  nagatlve  potentials  the  smooth  curve  represents  the  non-linear  least 
squares  fit  of  a  Boltzaann  distribution  to  the  fraction  of  inward  current 
blocked  by  calcium,  while  at  positive  potentials,  tha  block  of  outward  current 
is  independent  of  voltage. 
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Flgura  19.  Saturation  of  fraction  of  currant  blockad  by  calclua  In  tha 
praaanca  of  73  all  aodlua.  Data  vaa  obtainad  aa  In  Flguraa  17  and  18  in  which  tha 
fraction  of  currant  block ad  was  avaluatad  at  tha  lndlcatad  calclua  concentra- 
tlona  on  both  aldaa  of  tha  aaabrana  at  90  and  -90  aV.  Each  point  rapraaanta  tha 
aaana  •  SEH  froa  2-3  aaabranaa.  Tha  curvaa  wara  dataralnad  aa  daacribad  In  tha 
taxt  with  tha  following  paraaatara:  at  *90  aV  Kj,  la  0.47  ad  calclua  and  Fbxax  la 
0.84;  at  90  aV  Ki  la  1.47  aH  calclua  and  Fbaax  la  0.7.  Kota  tha  alallarlty  to 
that  of  Flgura  18A. 
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Figure  20.  Coapetltion  batwaan  calciua  and  aodiua.  Fraction  of  currant 
blocked  »«.  applied  potential  for  ayaaetrlc  75,  250,  and  750  all  aodiua  in  the 
preaence  of  10  aM  calciua  on  both  aidea  of  the  aeabrane.  Sodiua  channela  were 
incorporated  into  neutral  aeabranea  and  each  point  rapraaenta  the  aeana  *SEM  for 
3-0  aeabranea.  The  linea  in  the  figure  were  deterained  aa  in  Figurea  14  and  17. 
The  paraaetera  for  the  Boltzaann  distribution  are  aa  follova:  For  75  aM  sodiua 
the  K0  ia  7.7  aM  for  calciua  and  0  la  0.17;  for  250  aM  sodiua  the  K0  calciua  is 
20.6  aM  calciua  and  0  la  0.10  and;  for  750  aM  aodiua  the  K0  la  93.0  aM  calciua 
and  D  la  0.12. 
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When  sodium  chsnnsls  arm  incorporated  into  negatively  charged  membranes, 
nearly  identical  results  are  observed  as  illustrated  in  Figure  21.  The  fraction 
of  current  blocked  at  -30  nV  is  plotted  as  a  function  of  the  sodius  ion  concen¬ 
tration  on  both  sides  of  the  sesbrane  for  both  neutral  and  negative  membranes. 
Even  at  low  ionic  conditions,  where  the  effects  on  ion  permeation  of  calcium 
Induced  alterations  in  membrane  surface  charge  would  be  more  prominent,  no 
difference  can  be  observed.  Upon  evaluating  these  results  at  all  potentials, 
there  was  no  significant  difference  of  calcium  block  of  sodium  channels  incor¬ 
porated  into  negative  or  neutral  membranes.  However,  at  a  few  potentials,  a 
ssall  (3-10*)  difference  was  observed  and  oceured  only  at  high  sodiua  concentre 
tiona  (above  300  aH),  similar  to  those  observed  in  Figure  21.  Therefore,  it 
appeers  that  membrane  lipid  surface  charge  plays  little,  if  any,  role  in  the 
block  of  sodiua  channels  by  divalent  cations. 


The  results  in  Figure  20  and  21  suggest  competition  between  the  divalent 
cation  end  sodiua.  Figure  22A  illustrates  the  variation  in  single  channel  cur¬ 
rent  *s  the  sodium  ion  concentration  is  altsred  in  the  absence  and  presence  of 
calciua.  In  the  absence  of  divalents,  the  single  channel  current  (at  -60  mV)  is 
described  by  a  rectangular  hyperbola  as  was  shown  in  Figure  13A.  In  tho  presence 
of  10  aM  calcium,  the  single  channel  current  increases  as  the  sodiua  ion  concen¬ 
tration  is  increased,  approaching  that  of  controls,  where  calcium  is  absent.  The 
smooth  curve  was  calculated  from  a  variation  of  equation  3: 

I*lmax*  iMa*3 / < [Na*l *Ka) . 

These  results  suggest  that  calcium  competes  with  sodiua  in  reducing  inward 
single  channel  currents. 

The  double  reciprocal  plot  of  single  channel  current  ve  sodium  in  Figure 
222>  reveals  a  large  change  in  the  apparent  Ka  for  sodium  in  the  presence  of 
calciua,  while  only  a  small  change  in  the  maximum  conductance  was  observed.  In 
the  presence  of  calciua,  the  apparent  X*  for  sodium  is  increased  from  37  mM  to 
about  300  aH.  Similar  results  wera  obtained  for  all  applied  potentials.  The 
apparent  dissociation  constant  for  sodiua  variad  from  130  to  230  aM  at  positive 
potentials,  where  outward  current  block  is  independent  of  voltage.  For  the 
voltage -dependent  component,  the  apparent  dissociation  constant  for  sodium  in¬ 
creased  from  300  aH  at  -30  mV  to  about  1.2  H  at  -90  mV.  In  addition,  strontium 
displays  similar  competitive  interactions  with  sodium.  At  -60  mV,  the  apparent 
Ka  for  sodiun  is  increased  to  about  300  aH  in  the  presence  of  20  mH  strontium. 
From  enzyme  kinetics,  a  competitive  inhibitor  is  defined  as  a  substance  (e.g., 
calciua)  which  combines  with  a  receptor  (sodium  channel)  preventing  substrate 
(e.g.,  sodiua)  binding,  so  that  the  binding  of  the  substrate  and  inhibit'"'  is 
mutually  exclusive.  In  this  example,  sodiua  binding  to  the  sodium  channel  re¬ 
sults  in  current  flow  and  calcium  Inhibits  the  movement  of  sodiua  through  sodiua 
channels.  With  this  scheme,  the  sodiua  channel's  affinity  for  sodiun  ions  will 
be  reduced  in  the  presence  of  the  inhibitor  while  the  maximum  current  will  be 
unaltered.  Although  the  X*  for  sodiua  ia  drastically  increased,  the  apparent 
aaxiaua  current  is  also  increased  as  indicated  by  a  change  in  the  y-intercept  in 
Figure  22B  in  the  presence  of  10  aH  calcium.  At  more  negative  potentials,  the 
theoretically  determined  maximal  currant  is  increased  by  about  2.  Therefore,  the 
exact  type  of  interaction  between  sodiua  may  be  more  complicatad  than  simple 
competition  (see  below). 
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Figure  21.  Lack  of  an  affact  of  aaabrana  aurfaca  charga  on  tha  competition 
between  calciua  and  aodiua.  Fraction  of  currant  blocked  by  ayaaatric  10  alf 
calciua  at  tha  indicated  aodiua  concentrationa.  Tha  eingla  channel  curranta  ware 
evaluated  at  -30  mV  in  neutral  (cloaad  circlaa)  and  negatively  charged  (open 
circlea)  aeabranea. 
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Figure  22A.  Competition  between  sodiue  and  calciue.  Single  channel  cur¬ 
rent  ae  a  function  of  the  aodiue  ion  concentration  in  the  absence  (closed 
circles)  and  presence  (open  circles)  of  10  aH  calciue.  Single  sodiue  channel 
current  fluctuations  incorporated  into  neutral  eeebranes  were  evaluated  at  -60 
aV  and  were  obtained  froa  experiments  as  in  Figure  20  and  21.  The  curves  were 
determined  as  described  in  text. 
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Figure  22B.  Double  reciprocal  plot,  of  th.  data  in  A.  Not.  th.  change  in 
the  X-intercept,  indicating  that  the  apparent  diaaociation  conatant  for  aodiue 
(Ka)  in  the  praaenca  of  calciua. 
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Effects  of  alterations  in  tha  ionic  and  aaabrana  phospholipid  anvironaant 
on  currant  through  single  sodiua  channala  hava  baan  analyzad  to  gain  inforaation 
about  tha  structural  organization  of  tha  sodiua  channal.  Tha  following  discus¬ 
sion  will  focus  on  tha  ralativa  affacts  of  aaabrana  aurfaca  charga  and  divalant 
cations  on  sodiua  ion  aovaaant  through  tha  sodiua  channal  pora. 

1.  Charactarlstics  £f  tha  single  fodjua  pjiannel  conduct snca . 

Tha  rasults  prasantad  abova  daaonstrata  variations  in  tha  conductanca  of 
aingla  sodiua  channala  in  planar  lipid  bilayara,  .whan  exposed  to  diffarant  ionic 
conditions.  In  addition  to  tha  influanca  of  divalant  cations  on  singla  channal 
currants,  which  will  ba  discussad  balow,  changas  in  tha  amount  of  sodiua  prasant 
at  tha  intracallular  and  axtracallular  and  of  tha  sodiua  channal  aay  also  in¬ 
fluanca  tha  aovaaant  of  sodiua  through  sodiua  channels.  A  clear  example  can  ba 
saan  whan  ona  coaparaa  Figura  14  and  Figura  15  in  tha  absence  of  appreciable 
divalent  cations  (lass  than  100  nM>.  Whan  the  sodiua  ion  concentration  was 
syaaetrical  (125  aM)  tha  singla  channal  conductanca  was  24  pS.  However,  under 
stylized  “physiological"  conditions  where  there  is  a  small  amount  of  potassiua 
present  on  the  axtracallular  side  and  a  large  aaount  on  tha  intracallular  side, 
tha  singla  channal  conductanca  was  about  19  pS.  Even  with  physiological  concen¬ 
trations  of  monovalent  cations,  tha  singla  sodiua  channel  conductanca  in  the 
absence  of  divalent  cations  is  higher  than  tha  2-15  pS  which  has  baan  raportad 
for  othar  sodiua  channala  using  patch  claap  (18.20).  Tha  apparent  discrepancy  is 
probably  due  to  tha  presence  of  divalent  cations  at  the  external  surface  of 
sodiua  channels  in  intact  calls.  In  those  reports,  the  axtracallular  solutions 
contained  0.5-50  aH  Ca2»  and/or  1-2.5  aH  Hg2*,  both  of  which  are  capable  of 
reducing  tha  singla  channal  currant  as  illustrated  in  Figura  16.  In  this  study, 
with  cellular  ionic  conditions,  2  aM  cslciua  added  to  the  extracellular  aide  of 
sodiua  channels  reduced  tha  singla  channal  currant  about  30*  at  -60  mV  (Figura 
15)  (18).  By  correcting  for  these  alterations  in  the  ionic  environment,  the 
values  for  single  channal  conductanca  reported  here  are  close  to  those  reported 
in  tha  literature  for  a  variety  of  cell  types.  However,  the  degree  to  which  BTX 
effects  the  movement  of  sodiua  through  sodiua  channels  or  the  block  by  divalent 
cations  is  presently  unknown. 


2.  Single  channel  saturation 

Sodiua  ions  permeate  through  ion  channels  by  a  process  different  from 
simple  diffusion.  The  sodiua  channel  contains  at  least  one  binding  site  located 
within  tha  transaeabrana  field  that  is  accessible  from  either  the  internal  or 
external  cellular  anvironaant.  Tha  rasults  presented  abova  demonstrate  that  the 
magnitude  of  currant  through  a  singla  sodiua  channel  is  a  function  of  tha  ionic 
composition  of  tha  solutions  which  bathe  tha  intracellular  and  extracellular 
surfaces.  As  tha  sodiua  ion  concentration  is  increased  symmetrically,  the  single 
channel  conductanca  increases  non-linearly .  In  fact,  the  relationship  between 
singla  channal  conductance  and  sodiua  saturates  as  tha  sodiua  ion  concentration 
is  raised  above  200  aH  and  is  described  by  a  rectangular  hyperbola.  Similar 
results  ware  obtained  with  skeletal  auscla  T-tubula  sodiua  channels  (21).  Early 
analysis  of  voltaga-dapandant  aaabrana  conductances  assumed  that  ion  movement 
through  biological  aeubranes  is  independent  of  the  presence  or  concentrations  of 
either  permeant  or  iaperaaant  ions  (22).  However,  an  obvious  deviation  from  tl.e 
“indepenaence  principle"  is  demonstrated  by  tha  saturation  of  the  single  sodiua 
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aodiua  channel,  with  its  lipid  anvironsent,  incorporates  into  the  bilayer,  soae 
native  lipid  doaaln  froa  tha  brain  aaabrana  vesicle  raaaina  around  tha  channel, 
insulating  it  froa  tha  bulk  lipid  coaposing  tha  bilayar  aaabrana.  At  praaant  ona 
cannot  exclude  thla  poaalbility.  Howavar,  baaad  on  tha  calculationa  above,  tha 
chanrel  protain  la  large  enough  to  account  for  tha  inaulatlon  of  tha  ion  peraea- 
tion  pathway  froa  tha  aaabrana  aurfaca  anvironaant. 

4.  Piyijgpt  sauph*  and  12a  vana&lian.- 

Block  of  tha  ion  paraaatlon  pathway  by  divalent  cationa  haa  baan  attributad 
to  two  aain  fact or a:  non-specific  acraanlng  aad  a  direct.  aora  apacific  interac- 
tioa  batwaan  tha  divalant  cation  and  tha  aodlun  channal.  Both  factora  aay  aithar 
separately,  or  in  concart,  influanca  aodlun  ion  aovaaant  through  aodiua  chan- 
nala.  Tha  following  diacuaaion  will  focua  on  tha  avidanca  for  a  diract  interac¬ 
tion  of  divalant  cationa  with  tha  aodlun  channal. 

Tha  charactariatic  behavior  of  all  divalent  cationa  taatad  waa  that  tha 
reduction  in  aingla  channal  currant  conaiatad  of  two  coaponanta,  a  voltage- 
dependant  block  of  inward  currant  and  a  voltaga-indepandant  block  of  outward 
curranta.  Thia  ia  clearly  aaan  in  Figuraa  14C,  17C,  and  20.  Tha  voltage-depen¬ 
dent  coaponant  appaara  to  occur  by  divalanta  binding  to  a  alta  located  approxi¬ 
mately  20-23X  of  tha  electrical  diatanca  froa  tha  extracellular  aurfaca.  In  tha 
pravioua  chapter,  10  aN  extracellular  calciua  reduced  tha  inward  current  in  a 
voltage-dependant  aannar.  Thia  currant  reduction  la  nearly  identical  to  that 
obtained  by  ayaaatrical  10  aM  calciua  (about  60*  at  -60  aV).  In  addition, 
reduction  of  outward  curranta  by  ayaaetric  calciua  (10  aN)  la  about  2.6  tiaaa 
greater  than  that  obaarvad  by  extracellular  calciua  alone  (10  aN)  at  tha  aaaa 
potential  with  ayaaatrical  125  aN  aodiua.  Therefore,  it  appaara  that  tha  vol¬ 
tage-dependant  and  voltaga-indepandant  coaponanta  of  divalant  cation  block  are 
diatinct. 

Hany  different  divalant  cationa  ware  found  to  reduce  tha  aingla  channal 
curranta.  Tha  order  of  efficacy  was  Hn2*>C«2*>gg2*>sr2*>Ba2*.  jn  thia  report, 
block  by  all  divalant  cationa  had  wiailar  characteristics  and  tha  apparent 
voltage  dependence  for  tha  currant  reduction  waa  sisilar,  suggesting  that  di¬ 
valanta  bind  to  a  coaaon  aits  located  on  tha  aodlun  channal.  Bariua  was  the  only 
divalant  cation  whose  ability  to  reduce  aingla  aodiua  channal  curranta  appeared 
to  be  leas  dependant  on  voltage.  Tha  binding  sequence  is  tha  aaaa  for  the 
voltaga-indepandant  block  of  outward  currant  as  wail.  Tha  sequence  for  blocker 
potency  is  also  quits  different  froa  that  obaarvad  for  divalent  cation  binding 
to  phoapholipids.  For  axaapla,  phoaphatidylaerine  (PS),  which  is  tha  nost  coaaon 
negatively  charged  phospholipid  found  in  aost  aaaaalian  call  aaabranas  has  tha 
following  divalant  cation  binding  aaquanca:  Nn2*>Ba2*>Sr2*>Ca2*>Ng2* .  These 
results  support  tha  notion  that  tha  site  at  which  divalant  cations  interact  to 
reduce  aingla  aodiua  channal  currants  is  not  a  phospholipid  haadgroup,  but  is 
part  of  tha  aodiua  channal.  Furtharaora,  addition  of  aaabrana  surface  charge  or 
alterations  in  tha  paraaant  ion  concentration  appeared  to  have  no  affect  on  tha 
charactaristlca  of  calciua  block  of  tha  aingla  aodiua  channal  currant.  These 
results  suggest  that  tha  affects  are  specific  for  tha  channal  and  not  an  in¬ 
direct  affect  of  alterations  in  aaabrana  surface  potentials. 

An  interesting  question  arises  whan  evaluating  tha  total  fraction  of  cur¬ 
rant  which  can  theoretically  be  blocked  by  divalant  cations.  As  aaan  froa  tha 
saturation  curves  in  Figure  1BA  and  19  at  -90  aV,  tha  aaxlaua  blockable  currant 
does  not  approach  100k.  Tha  aoat  probable  explanation  is  that  calciua  ions 


channel  conductance.  Thla  auggeata  that  aodlua  Iona  do  not  aove  independently 
through  the  aqueous  pore  of  the  aodiua  channel  as  if  in  solution,  but  instead 
interact  with  at  least  one  site  located  within  the  sodiua  channel  pore  as  they 
pass  through.  Furthermore,  due  to  the  fit  of  the  data  to  a  rectangular  hyper¬ 
bola,  there  appears  to  be  a  single  saturable  binding  site  in  which  one  sodiua 
Ion  (substrate)  can  bind  to  one  sodiua  channel  (receptor).  Therefore,  the  chan¬ 
nel  appears  to  operate  as  a  single  ion  channel  in  which  no  aore  then  one  ion  can 
cccupy  the  pore  at  one  tine  (23-26)  at  least  within  the  sodiua  concentration 
range  studied  (0  -  1  H).  These  non-linearities  or  interactions  are  further 
guides  to  the  microscopic  energy  wells  and  paaka  within  the  channel  in  which  a 
sodiun  ion  auat  pass  as  it  crosses  the  membrane  and  fora  the  basis  for  an 
ingoing  rate  theory  analysis  of  ion  permeation  through  the  sodiua  channel. 


3.  Effect  of  aeabrane  surface  charge. 

In  this  section,  the  question  of  the  extent  to  which  aeabrane  surface 
charge  affects  ion  peraeation  is  discussed.  Several  investigators  have  reported 
that  sodiua  channels  are  relatively  insensitive  to  alterations  in  aeabrane 
surface  charge  aa  determined  by  extracellular  divalent  cation  addition.  In  this 
report,  the  effect  of  aeabrane  surface  charge  was  determined  directly,  in  the 
absence  of  divalents.  Cne  might  expect  that  increases  m  aeabrane  surface  charge 
could  cause  accumulation  of  positively  charged  sodiua  ions  near  the  mouth  of  the 
channel,  thereby  increasing  the  local  sodiua  ion  concentration  (27,28).  This,  in 
fact,  would  explain  the  snail,  almost  negligible  decrease  in  the  apparent  disso¬ 
ciation  constant  for  sodiua  in  the  presence  of  negatively  charged  membranes  as 
observed  in  Figure  13.  Furthermore,  alterations  in  aeabrane  surface  charge  did 
not  affect  calcium  induced  reductions  in  single  channel  currents  as  illustrated 
in  Figure  20.  Even  at  low  ionic  strength,  where  the  affects  of  alterations  in 
aeabrane  surface  charge  would  be  expected  to  be  greatest,  none  were  observed.  In 
fact,  a  minimal  effect  of  aeabrane  surface  charge  on  calcium  induced  reduction 
of  sodiua  ion  movement  was  observed  only  at  high  aodlua  concentrations  (greater 
than  300  ah),  an  unexpected  result  basad  on  present  theories  on  electrostatic 
forces  or  potentials  adjacent  ' o  membranes.  Furthermore,  the  characteristics  of 
calciua  block  at  73  and  230  ah  svaaetrical  sodiua  were  nearly  identical,  sugges¬ 
ting  a  lack  of  significant  contribution  of  the  aeabrane  lipid  environaent  to  the 
ion  entry  into  the  channel,  indicating  that  the  aouth  of  the  channel  is,  to  some 
degree,  insulated  froa  the  aeabrane  lipid  environaent. 

These  results  might  be  expected  based  on  current  kr.iwledge  of  the  molecular 
structure  of  the  sodiua  channel.  Assuming  that  the  sodiua  channel  protein  h.'s  a 
molecular  weight  of  300,000  and  is  arranged  aa  a  cylinder,  80  Angstroms  in 
length,  the  surface  area  of  the  face  of  the  channel  exposed  to  the  intracellular 
and  extracellular  solutions  would  be  about  80  angstroms  m  diameter.  Levinson 
and  Ellory  (29)  uaing  irradiation  inactivation,  determined  that  the  sodiua 
channel  behaved  as  a  spherical  protein,  which  spans  a  lipid  bi layer,  also  about 
80  angstroms  in  diameter.  A  channel  protein  of  this  size  would  not  permit  the 
mouth  of  the  sodium  channel  or  ion  peraeation  pathway  to  be  significantly  in¬ 
fluenced  by  the  lipid  enviroaent  or  alterations  in  its  surface  charge  (27).  This 
calculation  ae*umes  the  surface  of  the  channel  la  flush  with  the  aeabrane  phos¬ 
pholipid  surface.  Alternatively,  the  channel  aay  extend  out  into  the  extracellu¬ 
lar  solution  from  the  plane  of  the  aeabrane. 

An  alternative  explanation  for  the  inability  of  added  aeabrane  surface 
charge  to  influence  sodiua  peraeation  through  sodiua  channels  is  that,  when  a 
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pariMt*  the  sodium  channel,  thereby  carrying  soae  fraction  of  the  total  ionic 
current.  However,  the  aaxiaua  fraction  of  current  blocked  (Fba«x)  by  calciua  ia 
lower  at  *30  aV  than  at  *90  aV.  Zt  aeeaa  unlikely  that  calciua  iona  peraaate  at 
a  higher  rata  at  low  potentiale  than  at  higher  potentiala.  In  addition,  attaapta 
to  detect  divalent  cation  paraaation  of  aodiua  channela  in  the  abaance  of  aono- 
valant  catlona  have  bean  unauccaaaful.  At  250  and  75  aH  aodiua,  Fbaax  reaaina 
conatant  at  positive  potentiala  (about  0.6),  where  the  currant  reduction  ia 
independent  o'"  voltage.  At  negative  voltagea,  which  favor  the  voltage-dependent 
component,  Fbaax  increaaea  froa  about  0.6*0. 9  aa  the  aeabrane  becoaea  more 
hyperpolar ized.  Thaaa  obaarvationa  are  inconaiatent  with  calciua  peraeating  the 
aodiua  channel  and  argue  againat  a  aiaple  blocking  aodel.  Thaaa  raaulta  indicate 
that  the  exact  nature  of  divalent  cation  interaction  with  the  aodiua  channel  aay 
be  aore  coaplicatwd  then  can  be  deacribed  by  a  aiaple  rectangular  hyperbola, 
even  though  the  data  appear  to  be  well  fit  by  thla  type  of  anelyaia. 

5.  Sgu.gsilla.iai;  alalia,  an!  *odiua  slanaai  antma- 

In  addition  to  the  raduction  in  single  channel  current  by  divalent  catlona, 
extracellular  calciua  can  influence  the  gating  machinery  of  the  aodiua  channel, 
cauaing  the  channel  be  cloaed  at  potentiala  where  it  would  normally  be  open 
(Figure  16).  In  thia  example,  it  ia  clear  that  the  aingle  channel  currant  ia 
reduced  by  calciua.  However,  the  average  currant  ia  reduced  to  a  greater  extant, 
due  to  a  decreese  in  the  length  of  time  the  channel  ia  open.  Thua,  extracellular 
calciua  also  reduces  the  aacroacopic  (averaged)  aodiua  current  by  reducing  the 
probability  of  channel  opening.  Slailar  effects  of  extracellular  divalanta  have 
been  reported  before  (19,30). 

SfflSMUU9P  frnymn  aodiua  aa!  calcium. 

If  the  aodiua  channel  operates  aa  a  single  ion  channel,  then,  as  the 
peraeant  io_.  (aodiua)  concentration  ia  increased,  the  potency  of  the  divalent 
blocker  should  decrease.  In  this  chapter,  a  difference  in  Kt  for  calciua  in 
reducing  aingle  channel  currents  at  250  and  75  aH  aodiua  (syaaetrlcal)  suggested 
competition  between  calciua  and  aodiua.  Aa  the  concentration  of  aodiua  was 
increased,  the  apparent  inhibition  conatant,  Kj.,  was  Increased.  However,  the 
general  characteriatica  of  the  voltaga  dependence  of  inward  current  block  and 
the  voltage- independent  outward  current  block  waa  retained.  When  divalent  cation 
block  waa  studied  under  a  wider  ranga  of  aodiua  ion  concentrations  (50-1000  mM), 
divalanta  were  found  to  be  leas  potent  aa  aodiua  waa  increased.  These  altera¬ 
tions  in  current  reduction  were  consistent  with  divalents  coapeting  with  aodiua 
for  a  coaaon  site  located  on  the  channel.  In  the  presence  of  10  aH  calciua  or  20 
aH  atrontiua,  the  channel's  apparent  affinity  for  aodiua  ia  decreased  over  100 
fold.  However,  the  aaxiaua  currant  is  slightly  altered  in  the  presence  of  di¬ 
valents  and  appears  to  be  dependent  on  voltage.  These  results  suggest  a  fora  of 
competitive  interactions  between  aodiua  and  calciua  however,  the  exact  aachanisa 
ia,  at  present,  unknown. 
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6.  CALCIUM  SBMMELS  EBSft  BAI  ftSill  II  ELAMM  LIEIB  IX LAYERS 


VolU9«*d«{MndMt  calclua  channels  froa  rat  brain  vara  incorporated  into 
planar  lipid  bilayara  (Nelson,  French,  Krueger,  1984  (12) >.  A  aaabrana  fraction 
froa  rat  brain  aadian  aamanca  was  uaad  aa  a  aourca  of  thaaa  channels  bacauaa 
that  ration  of  the  brain  consists  primarily  of  narva  tarsinala.  Narvo  tarainals 
era  thought  to  hava  a  high  concentration  of  calciua  channala.  Thasa  brain 
single  calciua  channels  hava  the  following  properties: 

1.  Selectivity:  Thasa  channels  salect  for  calciua,  barium,  strontium,  man- 
ganasa  over  sodium,  potassium,  chloride,  lanthanum,  cadaiua. 

2.  Unit  Conductance:  Bariua  <8-9  pS)  >  Calciua,  Strontium  <3-6  pS>  >  Man¬ 
ganese  0-4  pS)  aa  reported  in  Meleon  at  al.  (31)  and  Kelson  02). 

3.  Vo ltsga- dependence:  Membrane  depolarization  increased  the  opening  rata 
constant  and  decreased  the  closing  rata  constant  (31>.  The  relationship  between 
the  probability  of  the  channel  being  open  and  voltage  could  be  described  by  the 
Boltzsann  equation  with  an  “apparent  gating  charge"  of  1. 3-2.0  (32). 

4.  Ion -dependence  of  kinetics:  It  has  been  traditionally  thought  that  the 
kinetics  of  an  ion  channel  are  independent  of  the  nature  of  the  ion  carrying 
charge  through  the  channel.  A  significant  finding  of  our  studies  was  that  the 
nature  of  the  permeant  divalent  cation  not  only  affected  the  single  channel 
conductance,  but  it  also  affected  the  channel's  closing  rata  constant  (i.e. 
mean  open  tiaea),  with  the  saae  order  of  potency,  i.e.  Bariua  >  Calciua,  Stron- 
tiua  >  Manganese  <31>  (Figure  3).  This  observation  suggests  that  coapetition  by 
the  permeant  Iona  for  coaaon  sites  in  the  channel  aay  regulate  both  the  rata  of 
ion  passage  through  the  channel  and  it's  closing  rata  (l.a.  occupancy  of  a  site 
in  the  channel  by  a  permeant  ion  would  impede  channel  closing).  This  suggestion 
is  further  supported  by  the  observation  that  the  addition  of  manganese  to  solu¬ 
tion  containing  a  more  permeant  ion  both  decreased  the  single  channel  conduc¬ 
tance  and  closing  rate  constant  <32). 

3.  Block  of  channel  by  inorganic  calciua  channel  blockers:  A  variety  of 
Inorganic  ions  including  cadaiua,  cobalt,  nickel,  manganese,  and  lanthanum  can 
reduce  calciua  currents  in  many  preparations.  We  found  that  these  inorganic 
calciua  channel  blockers  reduce  the  single  channel  current  in  a  dome  dependent 
manner,  with  the  order  of  potency  being  lanthanum  >  cadaiua  >  manganese  (Figure 
6)  <32).  The  efficacy  of  block  depended  not  only  on  the  natura  of  the  blocking 
ion  but  also  the  nature  of  the  permeant  ion.  The  block  was  consistent  with  one 
blocking  ion  binding  to  a  site  in  tne  channel  and  thereby  impeding  ion  flow 
through  the  channel. 

Recent  work  reported  in  Nelson  <13>  has  demonstrated  that  these  brain 
calciua  channels  are  also  slightly  permeable  to  Mn**  and  that  Mn**  can  also  act 
as  a  blocker  of  Sr**,  Ca**,  and  Ba**  permeation  throught  the  channels.  Aa 
expected,  of  the  divalent  cations  tasted,  Hn**  had  the  smallest  single  channel 
conductance  (4  pS)  but  displayed  the  longest  open  dwell  times.  Evidence  is  also 
presented  that  permeant  divalent  cations  must  interact  with  at  least  two  binding 
sites  in  traversing  the  channel  pore. 
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